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Abstract  Conciaued 


r0, 

conducted  on  high-strength  4340  steel  nnd  7075-T6  aluminum  alloy  using 
accelerating  pollutants  such  as  sulfur  dioxide,  nitrogen  dioxide,  surface  salt, 
and  ambient  to  100%-relative-humidicy  (RH)  air  in  a  specially  designed 
atmospheric  chamber. 

The  results  indicate  that  a  realistic  environmental  enhancement  of  crack- 
growth  rates  can  be  employed  to  develop  accelerated  tests  which  can  be  related 
to  actual  in-service  degradation.  For  materials  with  high  stress-corrosion 
susceptibility,  the  threshold  for  crack  growth  (KiSCC)  WA*  estimated  to  be 
45-46  MPa/m  for  4340  steel  at  a  1440-MPa  yield- strength  level,  as  compared  to 
49-52  MPa/m  as  determined  by  means  of  rising-load  tests  and  44-46  MPa/m 
by  fracture  analysis  in  1000  ppm  SO2  at  80%  RH.  Similarly,  the  Kiscc  f°r  high- 
strength  A1  7075-T6  was  estimated  to  be  13-14  MPat^ra  by  extrapolation  of 
corrosion-fatigue  test  data  as  compared  to  14-15  MPa«na  as  determined  by  rising¬ 
load  tests  and  12  MPa»^m  as  approximated  by  fracture  analysis  in  100  ppm  NO2  + 
80%  RH  +  5%  surface  salt.  Thus,  a  rapid  and  reproducible  method  for 
determination  appears  feasible. 
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Section  1 
INTRODUCTION 

Over  the  peat  several  years  a  considerable  nuatber  of  studies  have  been 
conducted  within  tha  Air  Force  and  at  the  National  Bureau  of  Standards 
regarding  the  total  cost  of  corrosion  prevention  and  control  for  aircraft. 
The  inescapable  conclusion  is  that  total  corrosion  costs  in  terns  of 
life-cycle  management  and  maintenance  of  aircraft  represent  an  intolerable 
burden  to  the  Air  Force  in  maintaining  force  effectiveness  at  a  reasonable 
cost  to  the  taxpayer.  In  a  1978  NBS  report1  the  total  corrosion  cost  was 
calculated  to  be  70  billion  dollars  nationally.  For  the  Air  Force  thr 
direct  cost  of  corrosion  maintenance  in  the  field  and  at  the  depot  level 
has  been  estimated  to  be  750  million  dollars,  and  the  total  corrosion  cost 
Including  facilities  is  estimated  to  be  In  excess  of  one  billion  dollars. 
During  the  1975  and  1977  AFOSR-AFML  Corrosion  Workshops,  Improved  acceler¬ 
ated  tests  were  cited  as  being  a  major  area  of  need  requiring  further 
2  3 

research.  ’  One  of  the  major  problems  in  effectively  reducing  aircraft- 
corrosion  maintenance  costs  has  been  the  inability  of  the  research 
community  to  develop  realistic  corrosion  tests  which  give  meaningful 
results  in  a  reasonable  length  of  time.  There  are  no  accurate  methods 
for  accelerated  testing  for  corrosion  which  yield  reliable  results  for 
predicting  the  service  life  of  aircraft  components  and  materials  which 
degrade  or  fail  due  to  environmental  attack.  Current  alternatives 
Involve  the  use  of  gross  tests  such  as  salt-water  immersion  which  yield 
relative  corrosivity  values  that  have  no  quantitative  relation  to  service 
life  or  outdoor  atmospheric  exposure  tests  which  require  experiments  of 
three  to  five  years  or  longer  and  are  specific  to  one  local  environment. 

It  is  extremely  difficult  to  discuss  accelerated  corrosion  testing  in  a 
general  sense  because  the  type  of  test  will  depend  upon  the  type  of 
corrosion  and  its  cause  and  opereting  mechanisms.  Stress-corrosion 
cracking,  corrosion  fatigue,  and  atmospheric  weathering  have  become 
a  major  problem  of  the  aircraft  industry.  Because  conventional  corrosion 
testing  requires  a  long  testing  time,  is  expensive,  and  does  not 
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accurately  simulate  realistic  environments,  the  first  step  toward 
achieving  the  cost-reduction  goal  in  the  area  of  corrosion  is  to  develop 
realistic  accelerated  testing  methods  which  are  applicable  to  aerospace 
materials  in  service  environments  and  which,  therefore,  meet  Air  Force 
needs . 

This  report  describes  a  comprehensive  experimental  and  analytical  research 
program  whose  primary  objective  was  the  determination  of  the  feasibility 
of  developing  an  accelerated-corrosion  testing  technique  for  high-strength 
aerospace  materials.  The  accelerated-corrosion  testing  technique  in 
this  study  is  generally  understood  to  be  a  testing  method  which  will 
reduce  the  routine  testing  time  from  months  to  days  and  will  be  sufficiently 
realistic  to  predict  long-tange  corrosion  behavior  (such  as  stress- 
corrosion  cracking,  corrosion  fatigue,  and  atmospheric  weathering)  of 
materials  in  service  environments.  It  would  have  been  ar.  insurmountable 
task  to  study  the  quantitative  details  of  the  effect  of  a  realistic 
environment  upon  the  corrosion  process.  Ac  the  same  time  it  was  almost 
impossible  to  simulate  accurately  a  service  environment  in  the  laboratory; 
even  a  serious  attempt  to  achieve  close  simulation  would  have  been 
prohibitively  expensive.  Fortunately,  most  of  the  ingredients  present  in 
the  environment  have  negligible  effects  upon  the  corrosion  process. 

Hence,  the  main  aggressive  components  of  an  industrial  atmosphere — such 
as  SOj,  N02,  and  surface  salt  in  the  presence  of  air  at  several  humidity 
levels — were  used  to  simulate  the  environment.  Concentration  of  the  gas 
and  the  level  of  humidity  were  monitored  and  controlled  within  a  specially 
designed  environmental  chamber. 

The  state-of-the-art  in  accelerated-corrosion  testing  methods  as  described 
in  the  ASTM  Book  of  Standards  and  approved  by  the  National  Association  of 
Corrosion  Engineers  involve  the  aforementioned  use  of  gross  tests  such 
as  salt  fog  and  alternate  salt-immersion  tests  with  their  lack  of  quanti¬ 
tative  values  for  corrosivity  or  relative  corrososivity  with  respect  to 
service  experience.  Atmospheric  outdoor  tests  where  panels  are  exposed 
to  various  environments  require  a  time  scale  which  precludes  rapid 


materials-se lection  decisions  or  paint-protection-measures  evaluations. 
These  testa  are  specific  to  limited  environments  and  seldom  take  into 
account  stress  factors  which  may  accelerate  the  localized  corrosion  and 
enhance  crack  growth  leading  to  premature  failure.  Cyclic  loading  is, 
of  course,  also  precluded.  Establishing  realistic  test  environments 
requires,  at  a  min:' mum,  a  reasonable  selection  of  atmospheric  environ¬ 
mental  variables  coupled  with  stress  factors  which  aerospace  components 
are  expected  to  experience.  The  selection  of  appropriate  air-quality 
standards  is  difficult  and  should  be  based  upon  knowledge  of  ambient-air 
pollutant  levels  and  experimental  work  to  determine  the  relative  importance 
of  these  pollutants.  The  effects  of  SO2  and  NO2  for  high-strength  steels 
and  aluminum  alloys  must  be  related  to  the  interaction  of  these  gases 
with  water  vapor,  surface  salt,  and  airborne  particulates  and  to  casual 
factors. 

The  first  set  of  tests  involved  si ow-strain-rate  measurements  to  determine 

the  susceptibility  of  a  material  to  stress-corrosion  cracking. *  ^  In 

this  study  several  corrosion  testing  methods  such  as  slow  strain  rate, 

risi  .g  load,  and  corrosion  fatigue  were  investigated  for  their  adaptability 

as  universal  accelerated  corrosion  tests.  The  slow-strain-rate  testing 

technique  is  used  to  determine  the  susceptibility  of  a  material  to  stress- 

4-14 

corrosion  cracking  (SCC).  Over  the  past  decade  this  technique  has 
found  wide-spread  application  due  to  the  reproducibility  of  the  data  and 
relatively  short  period  of  testing  time  involved.  The  technique  has  been 
used  mainly  to  optimize  the  simulated  environment  which  results  in 
accelerated  crack  growth  and  failure  by  SCC.^ 

McIntyre,  et_  al.  introduced  the  idea  of  exploring  the  rising-load 

method  as  an  accelei..ced  test  to  determine  the  threshold  stress  intensity 

for  SCC  (Kt  ) .  In  fact,  they  demonstrated  that  the  testing  time  could 

be  reduced  from  many  hours  to  even  a  few  minutes  in  some  cases.  This 

method  is  currently  being  used  quite  extensively  for  rapid  determination 

17  18 

of  approximate  values  of  * 


Static  SCC  tests  rank  poorly  in  reproducibility  due  to  the  wide'  scatter 

in  the  data,  apart  from  the  long  testing  time  involved.  The  counterpart 

dynamic  crack-growth  experiments,  i.e.,  the  low-cycle  corrosion- fatigue 

tests, have  no  such  drawbacks;  and  these  tests  can  be  tailored  to  generate 

Information  which  is  similar  to  that  obtained  from  static  SCC  tests.  Several 
19-21 

investigators  have  attempted  to  predict  SCC  behavior  from  corrosion- 

fatigue  tests.  The  present  study  deals  extensively  with  the  feasibility 
of  determining  through  an  accelerated  testing  technique  for  4340 

steels  and  A1  V075-T6  in  simulated  industrial  environments. 

General-corrosion  field-exposure  tests  were  conducted  to  obtain  data  for 
correlation  with  that  obtained  from  laboratory  tests  conducted  in  a  simulated 
environment,  as  well  as  to  provide  justification  for  the  use  of  simulated 
environments  for  other  tests. 
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Section  2 

TECHNICAL  BACKGROUND 

A  state-of-the  art  survey  was  conducted  on  techniques  showing  potential 
as  accelerated-corrosion  tests.  The  survey  was  limited  in  scope  to 
(1)  localized  corrosion  including  stress  corrosion  cracking  (SCC)  and 
corrosion  fatigue  (CF)  and  (2)  general  corrosion.  These  failure  modes 
were  selected  because  general  corrosion  and  crack  growth  due  to  SCC  and 
CF  are  major  causes  of  corrosion  damage  to  Air  Force  vehicles.  As  a 
first  step  the  pertinent  information  available  in  the  literature 
relative  to  this  investigation  was  reviewed,  some  of  which  will  be 
discussed  here. 

CRACK-GROWTH-RATE  MEASUREMENT 

Since  structural  failure  results  from  some  type  of  environmentally 
assisted  crack  initiation  and  propagation,  crack-growth  behavior  should 
be  investigated  under  controlled  environmental  conditions  in  order  to 
develop  quantitative  models  which  can  be  extrapolated  to  predict  material 
behavior  in  field  environments.  This  section  will  discuss  crack-growth 
behavior  and  the  techniques  commonly  used  for  accelerated-corrosion 
testing. 

Environmentally  enhanced  cracking  is  a  difficult  corrosion  problem 
to  test  accurately  in  the  laboratory.  Traditionally,  static  weight- 
loaded  tests  are  conducted  over  periods  of  200  to  1000  hr  to  determine 
the  SCC  behavior.  The  data  are  then  extrapolated  to  structures  which 
must  have  a  useful  lifetime  of  many  thousands  of  hours. 

Generally,  the  time  to  failure  is  plotted  as  a  function  of  applied 

stress  (Fig.  1),  and  an  attempt  is  often  made  to  define  a  "threshold" 

stress  below  which  no  SCC  will  occur.  In  many  cases,  however,  crack 

initiation  is  the  controlling  factor  in  these  tests,  and  the  data  are 

often  widely  scattered  and  irreproducible.  In  order  to  avoid  the  inherent 

22 

lack  of  reproducibility,  several  experimental  techniques  have  been 
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ssajis 
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suggested  ss  alternatives  to  the  standard  static  SCC  test.  Experiments 

22  23 

utilising  fracture-mechanics  *  principles  have  been  developed  to 
monitor  crack-growth  rates  as  a  function  of  stress  concentration  where 
a  stress- Intensity  factor  Is  defined  as 

K  -  c/a 

o  •  applied  stress 
a  «  crack  length 


The  schematic  representation  of  such  crack-growth  data  yields  a  curve 

24 

having  three  distinct  regions  as  3hown  in  Fig.  2.  The  crack-growth 
rate  in  Regions  I  and  III  of  this  curve  is  strongly  stress-intensity 
dependent,  while  in  Region  II  where  a  plateau  is  exhibited , the  crock- 
growth  rate  is  virtually  independent  of  stress  Intensity.  Often 
Regions  I  or  III  are  not  observed.  For  example.  Region  1  is  often 

25 

absent  in  titanium  alloys  tested  in  neutral  aqueous-halide  solutions. 

In  the  same  environment,  most  commercial  high-strength  aluminum  alloys 

26  27 

and  magnesium  alloys  exhibit  Regions  I  and  II  but  not  Region  III.  * 

For  many  high-strength  aluminum  alloys,  it  has  been  impossible  to  establish 


a  threshold  stress  intensity 

...  „  26,  27  „ 

will  not  propagate.  K 


(Kisc(J  below  which  stress-corrosion  cracks 
is  a  useful  parameter  for  engineering- 


design  purposes,  but  its  routine  determination  is  a  long  drawn-out  pro¬ 


cedure  because  the  crack  must  be  propagated  very  slowly  in  order  to  define 


Region  I. 


As  in  the  case  of  SCC,  the  use  of  fracture-mechanics  techniques  has  also 
been  applied,  and  similar  three-region  behavior  is  obtained  on  the 
AK-vs-da/dN  curve  for  corrosion  fatigue.  For  example.  Fig.  3  is  a  plot 
of  crack  velocity  (da/dN)  as  a  function  of  AK  for  three  cases. 


The  crack-growth  rate  in  Region  I  at  low  AK  values  is  extremely  stress- 
intensity  dependent,  and  the  da/dN-vs-AK  curve  becomes  almost  parallel 
to  the  crack-growth-rate  axis.  The  corresponding  stress  intensity  appears 
to  be  an  environment-dependent  threshold  which  is  denoted  by  AK-j.^, 
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LOG  STRESS  -CORROSION  CRACK  VELOCITY 


[■  Figure  2.  Schematic  Representation  of  the  Influence  of  Stress 

Intensity  upon  Stress-Corrosion-Cracking  Velocity. 


•  CYCLIC  STRESS  INTENSITY  RANGE,  A  K 

AKICF 


Figure  3.  Schematic  Representation  of  the  Influence  of  Stress 
Intensity  upon  the  Growth  Rate  of  Corrosion-Fatigue 
Cracks . 
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in  analogy  Co  In  Ragion  II  the  corroaion-fatigue  crack-growth 

rata  of tan  dapanda  strongly  upon  tha  environment ,  but  its  stress  dependence 

Is  considerably  reduced.  Indeed,  in  acme  Instances  (e.g.,  a  titanium 

29 

alloy  exposed  to  sea  water),  a  plateau  in  Region  II  has  been  reported. 
Inert  environments  such  as  dry  argon  or  vacuum  produce  fatigue-crack- 
growth  rates  in  Region  II  which  are  always  stress  dependent.  In  this 
region,  the  functional  relationship  between  the  crack-growth  rate  and 
the  crack-tip  stress-intensity  range  AK  can  often  be  approximated  by  a 
fourth-power  law^® 


da/dN  -  const  (AK) 
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On  the  basis  of  data  gathered  over  the  past  20  years,  the  steady-rate 
response  of  fatigue-crack  growth  to  environments  may  be  grouped  into 
three  basic  types  and  will  be  discussed  in  relation  to  K_  r.  as  in 
Fig.  4.  Type-A  behavior  is  typified  by  the  Al-water  system.  Environ¬ 
mental  effects  result  from  the  interaction  of  fatigue  and  environmental 

32  33 

attack.  Type-B  behavior  is  represented  by  the  hydrogenated  system.  * 

Environmental  crack  growth  can  be  directly  related  to  sustained-load 

34-41 

crack  growth,  with  no  interaction  effects.  Tvpe-C  represents  the 

behavior  of  most  alloy-environment  systems.  Above  K^g^, ,  the  behavior 
tends  toward  Type  A,  with  the  associated  interaction  effects.  The  transi¬ 
tion  between  Type  B  and  C  behavior  is  not  always  sharply  defined.  While 
these  data  (stress  corrosion  and  corrosion  fatigue)  are  highly  useful, 
it  should  be  realized  that  they  are  dependent  upon  many  variables,  e.g., 
mechanical,  environmental,  metallurgical,  and  geometrical.  Some  of  these 
variables  are  listed  btlow. 


Mechanical  Variables 

Maximum-stress  or  stress-intensity  factor 
Cyclic-stress  or  stress-intensity-factor  range 
Stress  ratio  or  load  ratio,  R 
Cyclic  frequency 


Mechanical  Va rlsblas  Gout ' d 
Cyclic  —form 

Load  Intaractlon  In  'ariablm-— plituda  loading 
Rasidual  straaa 

Environ— ntal  Variablaa 
Type*  of  anvlron— nt 

Concentration  of  da— glng  spades  In  tha  environ— nta 

Tam paratura 

Preaaura 

Electrochemical  potential 
pH 

Electrolyte  vlacoaity 
Velocity  of  the  environ— nt 

Metallurgical  Variablea 
Alloy  composition 

Distribution  of  alloying  elements  and  impurities 
Microstructure  and  crystal  structure 
Orientation  of  grain  and  grain  boundaries 

Geometrical  Variables 
Crack  geometry 

Crack  size  in  relation  to  component  dimensions 

Component  geometry  adjoining  crack 

Stress  cc ncentration  associated  with  design 

Some  of  these  variables  interact*  e.g.,  some  loading  variables  may  interact 

with  the  environment  (many  of  the  observed  effects  of  irreproducibility 

42-46 

can  be  traced  directly  to  environmental  interactions).  The  large 

number  of  variables  make  the  reduction  of  laboratory-obtained  data  to 
practice  a  highly  complex  problem.  Only  very  careful  control  of  these 
parameters  along  with  practical  experience  will  yield  successful 
predictability. 


\aamaaa 


>u^rJV3|r«V'irw?iiJ'  *■*«■*■  '■  \i 


LnV>^-o1SuS  Al:^w4- .N". 
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Lynch,  at  >1. ,  In  an  attempt  to  develop  an  Inhibitor  for  crack 

Inhibition  of  high-strength  steals  for  aaroapaca  applications,  found 

corrosion-fatigua  crack-growth  experiments  to  ba  far  battar  than  static 

atrass-corroaion  tests  ^ith  respect  to  reproducibility.  The  static  SCC 

tests  rank  poorly  in  reproducibility  duo  to  vide  scatter  in  the  data. 

48 

For  example,  for  4340  ataala  tested  in  0.1M  HaCl  solution,  Lynch  found 
the  crack-grovth-rate  data  at  the  plateau  portion  ranging  fro*  0.21  to 
0.42  in. /hr  to  ba  nuch  nor a  widely  scattered  than  the  data  obtained  froa 
corrosion-fatigue  tests  of  2.4  to  3.4  x  10  ^  in. /cycle  for  the  sane 
material  in  the  same  environment. 

Detailed  data  as  presented  in  Table  1  have  been  retabulated  froa  Lynch' a 
47 

work.  Good  reproducibility  was  found  for  Al-alloys  also  when  the  crack- 

49 

growth  data  were  obtained  from  corrosion-fatigue  tests;  the  static 
test  results,  on  the  other  hand, showed  considerable  scatter. 

50 

Russian  Investigators  have  used  corrosion-fatigue  experiments  as  an 
alternative  to  SCC  tests  In  predicting  stress-corrosion  cracking  of  casing 
steels  in  3%  NaCl  solution.  Japanese  investigators5*  have  also  used  the 
corrosion-fatigue  technique  as  an  accelerated  screening  test  for  inter¬ 
granular  corrosion  failures. 

Because  of  wide  scatter  in  the  data  and  the  long  testing  time  required  for 

* 

astatic  stress-corrosion  test,  the  search  for  an  alternative  test  has 

19-21 

continued.  Currently  suggestions  are  being  made  for  predicting 

stress-corrosion-cracking  behavior  from  crack-growth  studies  in  corrosion 
fatigue.  However,  a  very  careful  approach  is  needed  in  this  direction. 

As  mentioned  earlier,  corrosion-fatigue  experiments,  in  general,  are 
very  complex  due  to  the  numerous  independent  parameters.  The  crack- 
growth  rate  in  a  corrosion-fatigue  experiment  is  affected  by  frequency, 
stress  ratio,  mean  stress,  waveform,  and  nature  of  the  aggressiveness 
of  the  environment;  in  addition,  the  geometry  of  the  specimen  itself 
could  complicate  the  situation.  But  the  environment  and  the  geometry 
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TABLE  1 

COMPARISON  0?  DATA  SCATTERING  TOR  4340  STEEL  IN 
STRESS-CORROSION  CRACKING  AND  CORROSION  FATIGUE 


Environ— nt:  0.1M  NaCl  Aqueoue  Soluclon 


Crack-Growth  Rata,  Plataau 

• 

Stress-Co 

rroalon  Cracking 

Co  rroalon  Fatigue 

Specimen 

Rate  (in. /hr) 

Specimen 

Rate  (in. /cycle) 

ATI 

0.24 

AT5 

2.4  x  10~A 

AT7 

0.21 

AT6 

2.4  x  10“A 

AT8 

0.25 

BL4 

3.4  x  10"A 

AT9 

0.22 

BL3 

0.38 

BL8 

0.42 

! 


;N 


m 
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of  the  specimen  could  be  md«  common  for  the  two  conditions — stress 
corrosion  and  corrosion  fatigue— and  ths  stress  range  could  be  manipulated 
somewhat  to  obtain  the  data  required  for  correlation. 

19 

Gallagher  and  Wei  auggeated  a  linear  hypothesla  to  predict  the  crack- 

growth  rate  in  corrosion  fatigue  from  static  stress  corrosion  results. 

52 

Based  upon  this  Parkins  and  Greenwall  found  i  good  correlation  between 

their  corrosion-fatigue  and  stresa-corrosion-cracking  results  (based  upon 

their  superposition  model)  for  Mg  alloys  in  carbonate  solution.  The 
19 

model  presents  a  very  simple  relation 

d./dN|c  -  +  <U/dH|t 

where  da/dN)c  is  the  corrosion-fatigue  crack-growth  rate ,  da/dN|  ftnvironroent 
Is  the  environment:  attributed  to  crack-growth  rate,  and  da/dN|r  is  the 
cycle-dependent  fatlgue-crack-growth  rate  measured  in  an  inert  atmosphere. 

53  19 

Wei  and  Landes  modified  the  environmental  component,  and  Gallagher 

later  introduced  a  frequency  term  to  generalise  the  simple  linear- 

summation  model  described  earlier.  Reasonable  correlations  have  been 

54 

obtained  with  several  systems  above  K^g^  under  very  specific  conditions. 
The  main  drawback  of  the  model  seems  to  be  the  absence  of  any  interaction 
term,  which  could  be  difficult  to  handle;  additional  experimental  work 
is  definitely  required  in  this  direction. 

After  extensive  investigation  of  crack-growth  phenomena  and  fracture 
analysis  of  iron,  aluminum,  and  titanium,  Schwalbe^  suggested  that 
crack  propagation  under  both  mono tonic  and  cyclic  loading  conditions  may 
be  governed  by  essentially  the  same  micromechanism  and  may  be  described 
by  similar  fracture  laws.  Although  no  direct  correlation  was  suggested, 
there  is  good  evidence  of  some  possible  extrapolations  of  crack-growth 
rates  under  monotonic  loading  conditions  from  the  cyclic-load  situation 
using  the  normalied  da/dN-vs-AK  curve. 
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Unfortunately,  moat  of  tha  taata  in  thave  investigations  were  conducted 
in  an  inert  ataoephere  or  In  laboratory  air  and  did  not  extend  to  more- 
realistic  and  severe  environmental  situations.  The  environmental  enhance¬ 
ment  of  crack  growth  is  expected  to  be  more  dominant  in  aggressive 
environments.  Tha  s trass-corrosion  contribution  in  corrosion-fatigue 
experiments  could  be  maximised  by  manipulating  the  stress  ratio  R  and 
frequency  which  will  provide  a  better  opportunity  for  extrapolation  of 

^SCC  fro“  8ucil  *  tMt* 

SLOW-STRAIN-RATE  TEST 

Many  of  the  disadvantages  of  the  traditional  forms  of  SCO  susceptibility 

testing  are  eliminated  by  testing  smooth  specimens  at  a  constant  strain 

58 

rate  rather  than  under  conditions  of  constant  load  or  constant  strain. 

The  constant-strain-rate  test  is  a  form  of  simple  tensile  testing  in  which 

a  smooth  specimen  is  pulled  in  tension  in  the  environment  of  Interest  at 

a  constant  strain  rate  until  failure  occurs.  The  cons tant-s low-strain- 

rate  test^-1*’  for  stress-corrosion  cracking  has  been  extensively 

applied  in  the  corrosion- research  community  during  the  last  few  years. 

8  9 

This  technique  developed  by  Parkins  *  provides  a  rapid  and  positive 
laboratory  method  for  determining  the  SCC  susceptibility  of  a  material  in 
a  specific  environment  in  which  other  tests  do  not  detect  SCC. 

For  a  comparison  of  the  severity  of  the  SCC  of  materials  in  a  fixed 
environment  or  of  the  aggressiveness  of  an  environment,  the  commonly 
used  parameters  are  time  to  failure,  reduction  of  specimen  area,  and 
elongation  of  the  specimen.  However,  only  metallographic  examination  of 
the  fractured  surface  can  provide  definite  identification  of  the  presence 
of  SCC.  The  number  of  secondary  stress-corrosion  cracks  and  the  length 
of  the  cracks  are  other  parameters  often  used  for  quantitative  comparison. 

It  seems  probable  that  other  SCC  parameraters  such  as  threshold  stress, 
incubation  time,  and  crack-growth  rate  may  also  be  obtained  by  the  slow- 
strain-rate  test  which  would  greatly  enhance  the  usefulness  of  this 
technique. 
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The  cons t an t-s low-strain  rate  test  should  be  developed  as  an  effective 
accelerated  testing  technique  initially  for  SCC-susceptibility  detection 
and  later,  in  a  modified  form,  for  rapid  determination  of 

RISING-LOAD  TESTS 

6-7-68 

Currently  two  methods  are  used  for  determining  the  KTC  value  of 

a  material:  l)the  constant-load  cantilever-bcam  test  and  2)  the 
constant-displacement  or  "bolt-loaded"  compact-specimen  test.  The  required 
test  time  for  obtaining  meaningful  K^g  data  often  ranges  from  hundreds 
to  thousands  of  hours.  However,  the  testing  time  may  be  shortened  by 
using,  if  feasible,  1)  an  approximation  of  KjgC£  from  corrosion-fatigue 
test  data  obtained  by  crack-growth-rate  tests  and  2)  the  rising-load 
Kiscc  test  described  below. 


The  rising-load  test  was  initially  proposed  in  1972  by  MclnLyre, 

et  al-  KISCC  values  were  determined  for  a  series  of  high-strength  steels 

(200-400  ksi  yield  strength)  exposed  to  sea  water,  hydrogen  gas,  and 

hydrogen-sulfide  gas  environments.  These  tests  showed  that  the  time 

required  for  KT_  r  determination  can  be  reduced  from  many  hours  to  even  a 

few  minutes  in  some  cases.  In  1975  Clark,  et  al. ,  reported  the  results 

of  their  work  at  Westinghouse  Research  to  further  evaluate  the  technique 

and  establish  its  limitations.  In  Clark's  report,  KjSCC  data  obtained 

from  the  long-time  "dead-bolt"  test  and  from  the  rising-load  test  were 

evaluated  and  compared.  In  Figs.  5  and  6  the  specimens  used  in  these 

tests  are  shown.  For  the  rising-load  K^-g^  test,  the  testing  procedure 

is  essentially  the  same  as  for  the  K  _  test  described  in  ASTM  E399-72 

IL  69 

for  plane-strain  fracture-toughness  measurements,  except  that  a  slower 
loading  rate  is  used  (20-5,000  lbyrain.  vs  4,500-22,500  lb/min)  and  the 
specimen  is  exposed  to  the  environment  while  being  loaded.  Figure  7 
is  a  schematic  of  the  rising-load  test,  and  Fig.  8  demonstrates  the 

effect  of  environment  upon  load-displacement  behavior. 


17 


Figure  b.  WOL  Specimen  Modified  for  Use  as  a  Stress-Corrosion-Susceptibility  Test  Specimen 
(from  ref.  17) . 


Pressure 

Cage 


Displacement 


Figure  7.  Schematic  of  Rising-Load  K. 


Test  (from  Ref.  17)  . 


The  effect  of  the  rising-load  rate,  K,  upon  the  apparent  ia 

dependent  upon  the  specific  material-environment  combination  which  is 
clearly  shown  in  Figs.  9  and  10.  However,  the  apparent  Rjgcc  approaches 
the  KISCC  obtained  from  the  long-time  test  data  as  the  loading  rate 
decreases.  Table  2  is  a  further  comparison  of  data  obtained  by 

the  two  test  methods. 


The  main  advantage  of  the  rising- load  test  for  KjSCC  is  rapid  data 
collection.  Because  of  the  absence  of  a  significant  prior-history  effect 
upon  the  apparent  the  test  time  may  be  further  reduced  by  pre¬ 

liminary  rapid  loading  of  the  test  specimen  to  about  80X  of  the  KISCC 
if  the  long-time  can  be  estimated.  Slow- rising-load  rates  can  then 

be  applied  to  the  test  specimen  in  order  to  obtain  the  long-time  Kigcc. 

For  example,  if  the  long-time  K^SCC  is  assumed  to  be  ~  80  ksi/In. ,  the 
test  specimen  can  first  be  rapidly  loaded  to  60  ksi  An .  at  a  rate  of 
K  *  10  ksi  An.  /min.  and  then  at  a  low  rate  such  as  K  -  0.1  ksi /in. /min 
for  assessing  the  long-time  test  KISCC  value.  Naturally,  the  loading-rate 
reduction  will  not  be  required  if  the  long-time  KISCC  is  only  slightly 
dependent  upon  loading  rate.  Another  advantage  of  the  rising-load 
test  is  that  a  single  specimen  can  be  used  to  generate  several  data  points. 
An  apparent  Kjg^-vs-loading-rate  curve  such  as  that  presented  in  Fig.  9 
may  be  obtained  using  only  one  specimen.  Finally,  crack-growth  rate  may 
also  be  obtained  by  measuring  the  crack-extension  rate  while  maintaining 
the  load  at  a  constant  value.  Likewise,  a  complete  crack-growth-rate- 
vs-stress-intensity  curve  can  also  be  obtained  with  a  single  specimen  by 
maintaining  the  load  at  different  K  values  as  shown  in  Fig.  11. 


Two  limitations  with  the  rising-load  test  were  reported  by  Clark:  1)  an 
incubation  period  of  several  days  or  more  may  exist  in  certain  material- 
environment  systems  and  2)  the  test  must  be  conducted  at  a  loading  rate 
which  is  sufficiently  slow  to  allow  the  detection  of  crack  growth  before 
the  load  increases  a  significant  amount  beyond  the  onset  of  crack 
initiation.  The  faster  the  rate  of  crack  growth  associated  with  a  given 
material-environment  system,  the  less  effect  the  loading  rate  will  have 
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Apparent  K»~,  ksl/ln. 


Figure  9. 


Effect  of  Loading  Rate  Upon  Apparent  K_  _  (from  Ref. 


17). 


Loading  Raft,  k,  k*i/IrT/min. 


Figure  10.  Effect  of  Loading  Rate  Upon  Apparent  KISCC  in  H2S  (from  Ref.  17). 


TABLE  2 

sum ARY  OF  SOME  STRESS-CORROSION  THRESHOLD  DATA  (from  Bef .  17) 
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upon  tha  apparent  KIgcc  measured.  Tharafora,  tha  rising-load  tachnlqua 
la  baat  aultad  for  a  material-environment  system  having  a  abort  SCC 
Induction  time  but  feat  crack- growth  rata. 


It  la  clear  that  tha  rising-load  teat  nay  ba  uaad  aa  a  valuable  method 
for  rapid  evaluation  of  although  care  ahould  ba  taken  to  overcome 

certain  limitations  imposed  by  tha  tachnlqua.  This  technique  was  utilised 
to  generate  KISCC  data  in  tha  gaseous  environments  uaad  in  this  investiga¬ 
tion. 


GENERAL  CORROSION 


An  accelerated-general-corrosion  test  for  aircraft  materials,  especially 

for  the  aircraft  skin  materials,  would  be  essentially  the  same  as  that 

for  accelerated  atmcshperic  corrosion  because  most  military  aircraft 

remain  on  the  ground  at  various  Air  Force  bases  most  of  the  time.  The 

need  for  accelerated  laboratory  testing  procedures  for  predicting  atmos- 

*  •  70 

pheric  weathering  has  been  widely  discussed  and  reported.  Atmospheric- 

corrosion  studies  have  been  conducted  over  a  period  of  more  than  30 

years,  however,  these,  studies  mainly  concern  the  corrosion  behavior  of 

materials  in  broadly  classified  atmospheres  such  as  industrial,  marine, 

urban,  and  rural.  The  main  purpose  of  these  studies  has  been  the  develop- 

72 

ment  of  weathering-res is tanc  alloys  rather  than  the  investigation  of 
environmental  effects. 


73 

Capp  is  said  to  be  the  first  to  publish  a  procedure  for  carrying  out 

74- 

an  accelerated  test  intended  to  simulate  atmospheric  exposure.  Vernor 
described  the  importance  of  the  critical-humidity  concept  in  atmospheric 
corrosion.  From  this  point  on,  much  work  was  done  in  an  attempt  to 
improve  the  correlation  between  accelerated  test  results  and  atmospheric- 
exposure  data.  The  techniques  utilized  have  involved  the  use  of  humidity 

cabinets, '  cyclic  or  alternate  dry-condensation  conditions  in  a  cabi- 
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net,  and  spray  and  fogs.  It  was  found  that  the  data  obtained 

in  accelerated  laboratory  testing  of  metals  in  the  presence  of  SC>2  gas 
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and  high-humidity  conditions  can  ba  corralatad  to  son*  dagraa  with  actual 

1~2  86-89 

corrosion  bahavlor  in  an  industrial  environment.  *  .  Howavar,  no 

raliabla  and  predictive  aquation  ralating  anvironaantal  factors  and 
corrosion  ratas  has  baan'  astabllshad  baaad  upon  thaaa  results. 

90—92 

A  racant  work  by  LeGault,  at  *1 . ,  on  pradlction  of  tha  atmoepheric 

corrosion  of  staal  in  Industrial  and  marina  environments  is  of  interest. 

They  developed  a  correlation  between  tha  time  periods  during  which  a 
specimen  is  exposed  in  the  laboratory  and  in  the  field  based  upon  oxide 
reduction  time,  e.g.,  one  day  of  lab  exposure  is  equal  to  one  month  of 
field  exposure.  Whether  this  relationship  exists  in  other  metal- 
environment  systems  has  not  been  investigated  thoroughly  and  deserves 
further  exploration. 

In  this  work  it  appears  chat  it  was  not  possible  to  develop  qood  correlation 

91 

between  environmental  factors  and  corrosion  rates  of  metals.  LaGault 

93 

attempted  to  utilize  Pourbalx's  concept  of  measuring  open-circuit 
potential  Instead  of  weight  loss,*  however,  he  was  unable  to  arrive  at  any 
useful  "time-equivalency"  relationship  such  as  the  one  he  had  obtained 
using  the  oxide-reduction-time  measurement.  This  could  be  due  to  the  fact 
that  Pourbalx's  technique  is  effective  only  in  specific  metal-environment 
systems. 

In  the  last  decade,  as  a  result  of  advances  made  in  gaseous-pollutant 

monitoring  and  sampling  instruments,  it  has  become  known  that  the  urban 

atmosphere  consists  of  several  corrosive  components  such  as  SO^,  NO^,  0,,s 

hydrocarbons,  nitrates,  other  salts,  and  particulates.  Thus,  it  is  feasible  to 

investigate  the  correlation  between  atmospheric  corrosive  agents  and  the 
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atmospheric  corrosion  of  metals.  Several  early  studies  snowed  the 

effects  of  SO^  content  and  relative  humidity  in  the  atmosphere  upon  the 
corrosion  of  Zn  and  Fe.  However,  until  recently,  very  few  attempts  have 
been  made  to  simulate  realistic  weathering  conditions  in  the  laboratory 
and  to  correlate  these  with  atmospheric  corrosion  obtained  from  outdoor 
exposure. 


Man* field  "  conducted  an  axtanaiva  invaatlgadon  on  atmospheric  weathering 
for  tho  purpose  of  predicting  metal  corrosion  in  ehs. urban  atmosphere. 

This  study  vas  supported  by  tbs  work  of  Haynia102"106  at  tha  EPA  who  dasignad 
eapadal  chamber  to  simulate  ataosphorlc  weathering  In  an  attempt  to 
predict  ataospharic  corrosion  from  laboratory  test  raaulta.  Theta  attempts 
resulted  in  a  predictive  aquation  which  requires  further  consideration. 

Hors  recently.  Pourbaix1^  conducted  soma  experimental  work  on  the  corrosion 
behavior  of  weathering  steels  in  Western  Europe.  Re  simulated  outdoor 
exposure  in  the  laboratory  by  alternately  immersing  steel  specimens  in 
salt  solutions  and  polluted  atmospheres.  In  this  way  he  found  that  the  weight 
loss  of  these  steels  consistently  follows  the  general  rate  law  of 

AW  *  ktN,  where  AW  and  t  are  weight  loss  and  test  duration  of  the  specimens 
and  k  and  N  are  experimentally  determined  constants.  The  values  of 
k  and  N  are  different  for  the  same  steel  exposed  in  different  simulated 
atmospheric  environments.  His  observations  are  interesting,  but  the 
predictability  of  his  equations  remains  to  be  seen. 

The  most  efficient  method  for  developing  accelerated-corrosion  tests  appears 
to  involve  statistically  designed  experiments  in  an  environmental  chamber 
with  provisions  for  simulating  day  and  night  situations  &s  well  as  environ¬ 
mental  conditions.  Corrosion-coupon  exposure  and  aggressive  geses  such  as 
S02»  Nf^,  and  0^  as  well  as  particulates  of  known  concentrations  should  be 
Introduced  into  the  chamber  and  their  effects  determined  by  weight-loss 
measurements  or  oxide-reduction  time  on  the  test  coupons.  These  results 
should  then  be  compared  with  outdoor  exposure  data.  The  acceleration 
effect  can  be  achieved  by  the  introduction  of  higher-concentration  gases 
and  the  manipulation  of  temperature  and  humidity.  Statistical  design  and 
regression  analysis  can  be  used  as  mathematical  tcols  to  formulate  a  model 
for  correlating  laboratory  and  outdoor  exposure  results. 


SALT  SPRAY 


Tha  salt-spray  cast  involve*  exposure  of  standard  specimens  to  a  flna  spray 

or  alar.  of  a  solution  of  sodium  chloride  at  a  apaelflad  temperature  for 

a  apedfled  period  of  time.  The  fog  particle*  aettle  on  the  aurfacea  of  the 

teat  spec lawn  and  thereby  conatantly  replenlah  the  file  of  aolution  on 

the  aurface.  Tha  quality  of  the  aetal  can  then  be  assessed  through  measurement 

of  the  extent  and  nature  of  corroalon  of  the  aetal  aurface  after  a  apedfled 

expoaure.  Salt  apray  haa  bean  extanalvaly  uaed  in  the  aetal  Induatry  aa 

an  acceptance  teat.  Initially  tha  purpoae  of  the  teat  vaa  the  aaaaaaaent 

of  the  quality  of  a  protective  coating  auch  as  galvanised  ateel  In  A STM 
108 

B117.  Currently  the  aalt  taat  is  being  applied  to  all  metallic  parts— 

bare  or  coated.  The  basic  teat  requires  a  salt  aolution  in  the  range  of  3-5% 

which  is  generally  used  to  simulate  marine-atmosphere  exposure.  Numerous 

variations  of  aalt  concentration,  cabinet  design,  teat  duration,  pH,  and 

109-118 

emersion  time  have  been  employed.  In  order  to  accelerate  the 

119 

corrosion  process,  many  variations  in  the  chemistry  of  the  solution 

120-122 

other  chan  salt  composition  have  been  used.  Salt  spray  has  been 

123 

extensively  used  in  some  cases  for  exfoliation  tests,  even  though 
this  test  is  very  time  consuming — requiring  six  months  to  one  year  or 
longer.  However,  recontiy  some  modified  accelerated-salt-spray  tests  have 

10/  i  *)c 

been  developed  mainly  as  exfoliation  tests.  ”  The  main  application 
of  the  salt-spray  test  is  in  quality  control  or  evaluation  of  the  relative 
corrosion  resistance  of  materials  in  a  high-humidity  man.  a  environment. 

This  test  cannoc  be  used  to  predict  long-range  corrosion  behavior  or 
corrosion  characteristics  in  urban  or  industrial  atmospheric  environments. 


The  salt-spray  test  does  not  appear  to  have  a  potential  as  a  good 
accelerated-corrosion  test  for  aerospace  materials  in  realistic  environments. 
It  could  not  be  shown  that  the  results  of  salt-spray  tests  (using  a  very 
specific  type  of  salt  at  specific  concentrations,  etc.— factors  which  must 
be  specifically  developed)  could  be  correlated  with  the  service  performance 
of  aerospace  materials;  hence,  it  was  not  pursued  for  acoelerated  testing. 
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ALTERNATE  IMMERSION 


The  alternate-immersion  test  simulates  the  effects  of  the  rise  and  fall  of 

tidal  and  other  waters  and  the  movements  of  corrosive  liquids  in  chemical 
plants.  It  also  provides  a  relatively  rapid  test  for  the  corrosive  effect 

of  aqueous  solution  upon  metals  and  alloys.  The  test  is  most  commonly  used 
as  a  means  of  comparing  the  corrosion  resistance  of  materials  in  a  wide 
variety  of  corrosive  media.  It  is  also  used  as  a  control  test  for  checking 
the  quality  of  successive  lots  of  certain  alloys  in  commercial  production. 
Although  common  test  procedures  have  been  described  in  the  literature3-^”!^^ 
and  at  one  time  a  tentative  procedure  was  formulated  by  ASTM  committee  B-4 , 
this  procedure  is  no  longer  recommended  as  an  ASTM  standard  method.  One 
reason  for  discontinuation  of  this  test  might  be  the  complexity  involved 
in  testing  and  in  simulating  service  environments  in  the  laboratory. 

Some  unsatisfactory  attempts  have  been  made  to  correlate  the  corrosion  test 

results  obtained  from  alternate-immersion  testirg  with  those  obtained  from 

atmospheric  tests.  For  example,  Rawdon13®  has  .«  iown  for  Al  alloys  that 

some  general  conclusion  can  be  drawn  from  alteri.  ,te- immersion  tests  in  the 

laboratory  and  from  atmospheric  field  tests;  he  ;ver,  he  made  no  attempt 

at  a  quantitative  correlation  between  laboratory  and  field  tests.  In 

131 

addition,  Jacob,  et  al. ,  in  a  recent  report  on  stress-corrosion-cracking 
methods,  concluded  that  alternate-immersion  and  salt-spray  tests  are  more 
severe  than  industrial  atmospheric  tests.  Since  it  lacks  specificity 
with  respect  to  environment,  it  is  mainly  used  as  an  acceptance  test,  and 
no  definite  correlation  has  been  made  with  routine,  static  stress-rcorrosion 
tests. 


Alternate  immersion  might  have  potential  as  an  accelerated  corrosion  testing 
method  if  the  service  environment  were  similar  to  the  rise  and  fall  of 

tidal  waters.  Of  course,  this  is  not  the  case  for  the  actual  service 

132-133 

environment  of  aerospace  materials.  In  specific  cases,  some  degree 

of  success  has  been  achieved  by  formulating  specific  media  for  a  specific 
system.  However,  a  realistic  environment  is  still  not  represented,  and 
the  test  results  are  not  reproducible.  The  selection  of  an  aqueous 
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solution  which  would  represent  field  conditions  is  a  very  difficult  problem, 
which  might  be  overcome  after  a  great  amount  of  effort  and  time  has  been 
expended.  However,  the  effort  to  accomplish  this  and  the  uncertainty  of 
the  results  do  not  appear  to  be  worth  the  time  and  expense  required. 

ALTERNATE-POLARIZATION  TEST 

134 

Recently,  Rosenfeld,  et  al. ,  used  an  alternating  anodic  and  cathodic 
polarization  technique  for  rapid  detection  of  the  tendency  of  steel  alloys 
to  undergo  stress-corrosion  cracking.  They  found  the  optimum  condition  to 
be  initial  anodic  polarization  of  samples  in  31  NaCl  for  30  min.  and 
subsequent  cathodic  polarization  up  to  the  appearance  of  cracking.  This 
is  an  accelerated  test  for  SCC  susceptibility  which  is  applicable  to 
steels  in  NaCl  solution  regardless  of  the  probable  mechanism.  This 
technique  may  also  be  applicable  to  other  metal-electrolyte  systems, 
and  it  appears  worthy  of  further  exploration. 

OTHER  ACCEL ERATED-CQRROS  ION  TESTING  TECHNIQUES 

Numerous  less  common  accelerated  testing  techniques  exist  other  than  the 
crack- growth.,  constant- slow-s train-rate,  rising-load  K  ,  salt-spray, 
alternate-immersion, and  other  techniques  described  for  general  corrosion 
earlier  in  this  report.  Most  of  these  were  developed  tor  specillt 

purposes  where  all  parameters  were  strictly  defined.  The  majority  of  them. 

J.  *^5  v  J  * 

namely,  the  immersion-emersion''  test,  the  Suzuki  method,136  and  the 

137 

Corrodkote  technique,  are  alternatives  to  the  techniques  previously 
described. 

ENVIRONMENTAL  CHAMBER  FOR  REALISTIC-TEST-CONDITION  SIMULATION 

Haynie,138  in  his  material- testing  work,  developed  an  elaborate 
environmental  chamber  system.  Figure  12  is  a  simplified  flow  diagram 
of  the  test  system.  Ambient  air,  after  being  filtered  to  remove 
particulates  and  gaseous  pollutants,  was  cooled  and  dehumidified.  The 
conditioned  air  then  flowed  into  ducts  for  reconditioning  to  the  desired 
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Figure  12.  Environmental-System  Flow  Diagram. 
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temperature  and  relative  humidity.  From  each  duct  the  air  entered  a 
mixing  box  where  and  0^  were  added  before  the  air  reached 

the  test  chamber.  Finally,  the  air  left  the  chamber  and  was  decontaminated 
and  exhausted  to  the  atmosphere. 

The  accelerated-corrosion  effect  upon  the  test  specimens  was  generated 
by  a  day/night  cycle  provided  by  a  built-in  xenon  lamp  and  chilling 
rack.  The  temperature  and  relative  humidity  of  the  air  flowing  to  the 
chambers  were  maintained  at  desired  levels.  However,  the  temperature 
of  the  specimens  varied  continually  during  the  day /night  cycle,  thus 
changing  the  local  relative  humidity.  Moisture  condensed  on  the 
specimens  when  the  temperature  was  below  the  dew  point.  Tills  mode  of 
exposure  allowed  the  surfaces  of  the  test  materials  to  adsorb  the 
gaseous  pollutants  and  to  increase  the  pollutant  concentration  as 
in  real  environments.  The  cost  of  a  series  of  chambers  such  as  those 
described  above  and  the  associated  pollutant-gas-dispensing  and  -monitoring 
devices  would  be  quite  high.  However,  a  simplified  version  with  certain 
modifications  could  be  designed  which  would  reduce  cost  somewhat. 

Since  most  of  the  time  aircraft  are  on  the  ground  at  various  Air  Force 
bases,  it  appears  reasonable  to  investigate  the  effect  of  corrosion 
upon  aerospace  materials  due  to  base  ground  environments.  In  other 
words,  the  effect  of  corrosion  due  to  the  polluted  atmosphere  at 
various  bases  upon  aerospace  materials  should  be  investigated.  Simulation 
of  such  a  realistic  service  environment  could  be  achieved  by  carrying 
out  tests  in  an  environmental  chamber  such  as  the  one  described. 

Certain  modifications  should  be  made  such  as  incorporation  of  the 
chamber  into  the  MTS  test  frame  in  i-rder  to  permit  dynamic  measurements 

of  such  parameters  as  crack— growth  rates  and  slow  strain  rates,  in  addition  to 
coupon  weight  loss.  It  will  be  easier  to  correlate  data  thus  obtained 
with  environmental  factors,  to  develop  predictive  equations,  and  to 
compare  these  data  with  field  tests  and  service  records  simply  because 
test  environments  are  more  realistic. 


REMARKS 


Corrouion-fr.tigue  crack-growth  measurment  has  been  used  generally  for 
mcchanicAl  (fatigue)  and  environmental  interaction  of  the  material. 

The  technique  has  great  potential  due  to  the  good  reproducibility  of 
the  test  data.  Recently  it  has  been  used  as  a  screening  test  (accelerated- 
testing  technique) .  With  the  inofrmation  on  a  possible  correlation  to  use 
between  SCC  and  corrosion  fatigue,  this  technique  must  be  explored  exten¬ 
sively  in  order  to  develop  this  correlation.  The  constant-slow-strain-rate 

test  is  the  most  widely  used  technique  for  determining  the  susceptibility 
of  a  material  to  SCC.  In  general, a  smooth  or  notched  tensile  specimen 
is  used  for  testing,  but  a  compact-tension  specimen  may  also  be  used. 

Th«:  introduction  of  a  compact- tens ion  fracture- toughness  specimen 
into  a  constant  slow-strain-rate  test  lends  tremendous  potential.  The 
rising-load  KIS{.C  test  is  an  extremely  rapid  method  for  evaluation  of 
material.  Much  success  has  been  achieved  in  predicting  the  development 
of  a  corrosive-rate  equation  using  an  environmental  chamber  and  statistical 
methods.  Further  exploration  is  needed  to  verify  the  applicability  of 
this  test  to  commonly  known  aerospace  materials.  Several  interesting 
investigations  have  been  conducted  in  order  to  predict  atmospheric 
weathering  from  simulated  laboratory  tests.  Results  are  encouraging, 
but  prediction  attempts  still  fall  short  of  the  main  goal.  Further 
effort  in  this  area  hopefully  will  result  in  the  formulation  of  a 
predictive  model. 


35 


Section  3 

EXPERIMENTAL  INVESTIGATIONS 

PROGRAM  OVERVIEW 

The  investigation  was  carried  out  in  four  phases  to  permit  a  systematic 
approach  to  this  cong>lex  problem.  Phase  I  of  the  program  mainly  Involved 
the  selection  of  material,  determination  of  the  nature  of  environmental 
simulation,  specimen  preparation,  preliminary  crack-growth  tests  in  the 
environmental  chamber,  and  Initiation  of  general-corroaion  field  tests. 

During  Phase  II  design  and  fabrication  of  both  the  slow-straln-rate  test 
machine  and  the  environmental  chamber  were  completed  and  the  equipment  put 
into  operation.  The  crack-growth-rate  experiments  in  simulated  environ¬ 
ments  were  also  conducted  in  this  phase.  Rising-load  tests  on  precracked 
compact-tension  specimens  and  slow-strain-rate  tests  on  smooth  tensile 
specimens  in  a  controlled  environment  were  conducted  during  Phase  III. 

The  crack-growth-rate  tests  at  specific  stress  ratios  and  frequencies  were 
also  carried  out  during  this  period.  These  tests  were  continued  through 
Phase  IV.  In  Phase  IV  rising-load,  slow-strain-rate,  corrosion- fatigue 
tests  were  continued  In  a  controlled  environment  and  general-corrosion  field 
and  laboratory  exposure  tests  (in  a  controlled  environment)  were  carried  out, 
Frac to graph! :  analyses  were  performed  in  Phases  II  -  IV.  Crack-growth 
and  other  experimental  data  were  analyzed  in  Phases  III  and  IV.  The  results 
Indicated  that  K^sc(,  can  be  predicted  from  corrosion-fatigue  tests,  as 
described  in  detail  in  the  section  on  crack  growth. 


PHASE  I 

Material  Selection 

Since  the  main  objective  of  this  program  was  the  development  of  a  realistic 
accelerated-corrosion  test  technique  for  aerospace  structural  materials, 
the  alloys  were  selected  from  those  used  typically  in  aircraft  such  as 
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high-strength  steals  (AISI  4340 ,  AF  1410,  D6AC,  etc)  and  high-strength 
aluminum  alloys  <A1  7075-T6,  A1  7079-T6,  A1  7061-T4,  A1  2024-T3).  Following 
a  careful  literature  survey,  AISI  4340  and  A1  7075-T6  were  primarily 
selected  as  being  representative  of  the  high-strength  steels  and  A1  alloys 
for  this  Investigation. 

Environment  Simulation 

Stress-corrosion  cracking,  corrosion  fatigue,  and  general  corrosion  are  more 
pronounced  In  an  industrial  atmosphere  than  In  a  rural  atmosphere.  It 
would  have  been  enormously  expensive  to  simulate  the  true  industrial 
environment  due  to  the  large  number  of  gases  present  in  different  concen¬ 
trations.  Fortunately,  most  of  the  ingredients  present  have  negligible 
effects  upon  the  corrosion  process.'  Hence,  the  primary  aggressive 
ingredients  such  as  S02,N02,  and  surface  salt  along  with  relative  humidity 
In  varying  concentrations  were  selected  as  the  main  constituents  of  the 
simulated  environment.  N02  in  the  presence  of  humidity  is  known  to 
accelerate  the  corrosion  process  in  both  steel  and  aluminum  alloys.  The 
corrosion  is  expected  to  be  more  severe  in  the  presence  of  surface  salt; 
therefore,  S02  and  N02  in  the  range  10  -  1000  ppm,  along  with  51  surface 
salt  and  varying  amounts  of  humidity  (50-95%), were  used  for  testing.  The 
required  combination  of  gases  was  obtained  through  a  special  setup,  and 
the  controlled  environment  was  maintained  in  a  specially  designed  environ¬ 
mental  chamber,  which  will  be  described  in  detail  later. 

Specimen  Preparation 

Initially  45  compact-tension  plane-strain  fracture-toughness  specimens 
of  AISI  4340  steel  with  yield  strength  of  :  180  ksi  were  fabricated  per 
ASTM  specifications.  The  specimen  design  is  shown  in  Fig.  13.  These 
specimens  were  mainly  used  to  investigate  the  effect  of  humidity  upon  the 
low-cycle  corrosion-fatigue  behavior  of  high-strength  4340  steel.  A 
batch  of  five  more  specimens  of  4340  steel  with  a  higher  yield  strength 
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Figure  13.  Compact -Tens  ion  Plane-Strain  Fracture*- Toughness  Specimen. 


of  =  210  ksl  were  fabricated  later.  They  were  tested  to  determine  the 
degree  of  embrittlement  due  to  an  aggressive  gas  such  as  SO2  and  relative 
humidity. 

Another  set  of  30  wedge-open-loaded  (WOL)  plane-strain  fracture-toughness 
specimens  of  4340  steel  with  a  heat  of  -  210  ksl  was  later  fabricated  to 
obtain  a  broader  spectrum  of  crack-growth  data.  The  design  of  the  WOL 
specimen  Is  shown  In  Fig.  14. 

Compact- tens Ion  specimens  of  high-strength  A1  7075-T6  In  the  short- 
transverse  orientation  were  also  fabricated,  per  ASTM  specifications 
(see  Fig.  13). 

More  than  30  tensile  specimens  each  of  4340  steel  and  A1  7075-T6  to  be 
stressed  in  the  short-transverse  orientation  were  fabricated  for  slow- 
strain-rate  tests.  The  specimen  design  is  shown  in  Fig.  15. 

Crack-Growth  Studies 

The  crack-growth  experiments  were  initiated  during  this  phase  and  will  be 
described  in  detail  in  the  Experimental  Results  Section. 

General-Corrosion  Outdoor-Field-Exposure  Tests 

Due  to  the  lack  of  easy  accessibility  and  adequate  funding,  only  two  sites 
were  selected  for  the  investigation  of  general  corrosion.  Wright-Patterson 
Air  Force  Base  (WPAFB)  was  selected  to  represent  the  urban  site,  while 
Cape  Kennedy  represented  the  typical  high-chloride  sea-coast  environment. 

The  outdoot-field-exposure  panels  (specimens)  at  the  test  site  at  WPAFB 
were  set  up  on  December  13,  1979.  A  total  of  30  steel  and  30  aluminum 
panels  were  placed  on  the  test  rack.  All  specimens  were  cleaned,  weighed, 
and  identified  according  to  ASTM  specifications  prior  to  field  exposure. 

The  steel  samples  measured  5x5  5/8  x  1/16  in. 
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The  samples  at  Cape  Kennedy  were  set  on  test  racks  for  exposure  on  November 

13,  1979.  A  total  of  35  steel  and  30  aluminum  panels  are  exposed  at  this 

site.  The  field-exposure  data  are  not  complete;  hence  no  serious  effort 

was  made  to  develop  a  predictive  model.  Four  batches  of  specimens  (panels) 

have  been  removed  to  date— the  first  batch  after  nearly  six  months,  the 

second  after  one  year,  the  third  after  eighteen  months,  and  the  fourth 

after  exposure  for  two  years.  Approximately  one-half  of  the  panels  remain 

for  additional  exposure.  Initial  plans  were  to  provide  sufficient  panels 

for  a  five-year  field-exposure  study.  The  corrosion  data  on  the  specimens 

removed  after  each  six-month  period  have  been  reported  previously  in  the 
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interim  reports. 

PHASE  II 

Environmental  Chamber 

Initially  a  plastic  (acrylic)  environmental  chamber  was  designed  and 
fabricated  for  the  purpose  of  conducting  crack-growth  tests  in  controlled 
humidity.  The  chamber  has  provisions  for  a  gas  inlet,  a  gas  outlet,  and 
controls  for  gas  concentration  and  humidity  levels.  A  BMA,  Inc.,  wet- 
and  dry-bulb  humidity  controller  has  also  been  installed  on  this  chamber 
for  controlling  the  relative  humidity  inside  the  chamber.  This  chamber  was. 
incorporated  into  the  MTS  machine  for  conducting  corrosion-fatigue  tests 
in  controlled  humidity.  A  close-up  view  of  this  chamber  is  shown  in  Fig. 

16.  This  chamber  has  now  been  replaced  by  a  stainless-steel  environmental 
chamber,  and  the  plastic  chamber  has  been  set  up  in  the  constant-slow- 
strain-rate  machine. 

While  the  stainless-steel  chamber  was  being  designed  and  fabricated,  tests 

in  controlled  environment  were  conducted  in  the  plastic  chamber.  The 
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stainless-steel  chamber  was  designed  for  larger  volume,  more  flexibility, 
and  provisions  of  controls  for  aggressive  gases  and  temperature.  The 
complete  setup  is  shown  in  Fig.  17. 


Figure  17.  Line  Diagram  of  Stainless-Steel  Chamber  with  Controls 


Gastec-Tube  Calibration 

Environments  such  as  a  mixture  of  St^,  air,  and  relative  humidity  or  a 
mixture  of  NC^,  air,  and  relative  humidity  were  simulated  in  the  test 
chamber.  The  average  crack-growth  experiment  generally  required  five 
days.  Premixed  gases  of  known  concentration  were  introduced  into  the 
test  chamber,  and  concentrations  were  maintained  at  the  desired  level  by 
means  of  control  devices.  Samples  of  the  mixed  gases  were  drawn  out 
during  the  test  at  different  intervals  for  accurate  analysis  to  insure  the 
consistency  of  the  gas  mixture  in  the  test  chamber.  A  Bendix  Gas  Detector 
System  was  selected  for  routine  checking  of  the  SC^  or  NO2  concentration 
in  the  test  gas.  The  tube  was  calibrated  to  insure  the  accuracy  of 
results.  Three  randomly  selected  SM  SC^  tubes  with  a  measuring  range  of 
100  -  1800  ppm  were  calibrated  at  four  points  using  three  different  known 
concentrations  of  the  S02/air  mixture.  A  standard  wet-chemical  titration 
method  was  used  in  determining  the  SO2  concentration. 

Figure  18  is  a  typical  calibration  curve  obtained  from  the  chemical  analysis 
The  calibration  curve  indicates  higher  accuracy  at  low  concentrations  of 
S02.  This  was  encouraging  because  most  of  the  crack-growth  experiments 
were  conducted  at  the  lower  end  of  the  calibration  curve.  The  general 
accuracy  of  the  tubes  was  found  to  be  well  within  10%  of  the  standard 
concentration  which  was  adequate  for  routine  gas-concentration  control. 

The  calibration  tube  was  frequently  used  to  monitor  the  concentration  of 
gases  in  the  chamber.  Generally  one  sample  in  the  morning  and  one  in  the 
evening  at  an  interval  of  six  to  eight  hours  was  taken  for  analysis  during 
tests  in  the  environmental  chamber. 

Slow-Strain-Rate  (SSR)  Machine 

The  SSR  machine  is  a  type  of  tensile-test  machine,  its  main  feature  being 
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its  ability  to  produce  very  slow  strain  rates  on  the  order  of  10  to 
_  8 

10  in. /sec.,  usually  not  possible  with  commercial  tensile  machines. 


This  requirement  differentiates  it  from  a  simple  tensile-test  machine, 
necessitating  a  special  design.  An  SSR  machine  was  designed  and  fabricated 
in  our  laboratory  for  this  investigation.  The  performace  of  the  machine  was 
tested,  and  experimental  tests  were  conducted.  Details  of  the  conqjonents 
of  the  machine  are  given  below  for  purposes  of  familiarizing  the  reader 
«’ith  the  operation  of  the  machine.  The  main  objective  was  to  keep  the 
design  simple  and  inexpensive,  yet  allow  maximum  versatility  in  the  testing. 

Machine  Properties 

a)  Strain  Rate 

The  machine  is  designed  to  provide  a  slow  strain  rate  in  the  range  of  . . 

10  to  10  in. /sec.  The  optimum  strain  rate  for  testing  stress-corrosion¬ 
cracking  susceptibility  depends  mainly  upon  the  metal-environmental  system. 
This  wide  range  of  strain  rate  covers  most  of  the  metal/environment  systems 
encountered  in  practice. 

b)  Capacity 

The  capacity  of  the  machine  is  governed  by  the  ultimate  strength  of  the 
material  and  the  geometry  of  the  specimen  to  be  tested.  Generally,  the 
specimens  used  for  stress-corrosion-cracking  susceptibility  are  hour-glass- 
type  specimens  with  a  gage  diameter  of  up  to  0.625  cm.  Based  upon  this 
assumption,  a  machine  with  a  capacity  of  -  15000N  should  be  adequate  for 
most  materials.  Since  it  was  planned  to  test  high-strength  steels  and  to 
conduct  crack-propagation-rate  tests  with  specimens  having  different 
geometries  and  requiring  thicker  sections,  the  machine  was  designed  to  have 
a  capacity  of  20,000  lbs.  (88964N). 

c)  Major  Components 

The  SSR  machine  is  relatively  simple  because  the  main  function  of  this 
device  is  to  pull  the  specimen  £t  a  predetermined  rate.  The  principal 


components  of  the  machine  are  the  drive-train  assembly  which  consists  of 
a)  a  gearhead  motor,  b)  a  motor  speed  controller,  c)  a  screw  jack,  and 
d)  gearboxes— variable  and  fixed  type,  and  the  load  cell,  universal  joints, 
and  machine  frame. 

Gearboxes.  The  most  important  aspect  of  the  SSR  machine  is  provision  of  a 
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wide  strain-rate  range  (10  to  10  in. /sec.).  The  total  reduction  needed  in 

-8 

order  to  obtain  a  crosshead  speed  of  10  in. /sec.  is  several  decades.  This 

necessitates  the  use  of  several  gearboxes — obviously,  at  least  two.  In  order 

to  meet  the  requirement  for  flexibility  in  the  selection  of  the  desired  strain 
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rate  over  four  orders  of  magnitude  (10  to  10  in. /sec.),  a  combination  of 
variables  and  fixed  gearbo.-as  was  used.  The  variable  gearbox  Apcor  Model  2813, 
having  ratios  of  1,  2,  4... 512,  was  obtained  from  Geartronic  Corporation; 
while  Boston  Gear  Model  LW21,  having  a  gear  ratio  of  135:1,  was  selected  as  the 
fixed  gearbox.  The  gearboxes,  motors,  and  screw  jacks  were  coupled  using  timing 
belts  and  pulleys. 

Screw  jack.  The  screw  jack  is  one  of  the  most  important  components  of  the 
machine.  A  worm-gear  screw  jack  was  used  to  convert  the  rotary  motion  into 
vertical  lift.  The  screw  jack  was  obtained  from  Templeton  Kinly  Co.  and  has  a 
rating  of  6-in.  stroke  and  36  turns  per  inch  of  travel.  This  rating  provides  a 
simultaneous  reduction  in  speed  also.  The  6-in.  vertical  travel  of  the  screw 
is  sufficient  for  most  of  the  testing  anticipated. 

Universal  joints.  A  universal  joint  is  used  to  correct  any  small  misalignment 
due  to  slight  mismatch  of  the  specimen  fixture  and  pull-rod  assembly.  The 
universal  joint  is  placed  between  the  pull  rod  and  the  specimen  holder. 

Load  cell.  A  load  cell  is  the  simplest  load-indicating  device  in  such  a  testing 
machine.  A  load  cell — Model  3157-20K,  low  profile  of  20,000  lb. — was  obtained 
from  Lebero-Associates,  Inc.,  of  Troy,  Michigan,  and  obviously  is  sealed  and 
temperature  compensated. 


Machine  frame.  A  very  rigid  frame  having  four  steel  pc its  2-in.  in  diam.  and 
two  top  and  bottom  frames  made  of  2  1/2-in, -thick  steel  plate  was  designed  and 
fabricated  for  the  machine.  The  dimensions  of  the  frame  were  also  guided  by 
the  requirement  of  installation  of  an  environmental  chamber.  The  machine  frame 
can  be  seen  in  Fig.  19.  The  load-train  components  are  mounted  to  one  side 
of  the  upper  steel  place  of  the  machine,  as  shown  in  Fig.  20. 

d)  Environmental  Chamber 

An  environmental  chamber  was  designed  and  fabricated  for  conducting 

slow-strain-rate  tests  in  a  controlled  atmosphere-.  The  environmental  chamber, 

along  with  the  gas-train  assembly  Incorporated  into  the  SSR  machine,  is  shown 

in  Fig.  16.  The  chamber  is  made  from  an  8-in.-diam.,  3/8- in. -thick  acrylic  pipe 

and  has  provisions  for  gas  inlet,  gas  outlet,  and  controls  for  gas-concentration 

and  humidity  levels.  A  BMA,  Inc.,  wet-  and  dry-bulb  humidity  controller  is 

used  to  control  the  relative  humidity  inside  the  chamber.  The  gas- train 
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assembly  is  very  similar  to  that  described  in  a  previous  report. 

EXPERIMENTAL  RESULTS 

Most  of  the  details  of  the  slow-strain-rate  testing  conducted  during 
Phases  III  and  IV  are  given  in  the  paper  included  as  Appendix  A. 

PHASES  III  AND  IV  -  RISING-LOAD  KISCC  TEST  AND  CRACK-GROWTH  TEST 

Rising-Load  KISCC  Test 

The  apparent  threshold  for  sustained-load  stress-corrosion  cracking, 

in  humid  air  and  in  different  mixtures  of  humid  air  and  S0~  was  estimated 

16  ^ 

using  the  accelerated  rising- load  procedure.  The  testing  technique 
utilized  is  essentially  identical  to  the  procedure  used  for  fracture- 
toughness  testing  (ASTM  Test  for  Plane-Strain  Fracture  Toughness  of 
Metallic  Materials  E399-72),  except  that  a  slower  rate  of  loading  is 
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Involved.  Normally  the  specimen  Is  exposed  to  the  environment  during 
loading.  These  tests  ware  conducted  with  standard  compact-tension  4340 
steel  specimens.  The  specimens  were  precracked  to  a  crack  length  0.0254  ran 
at  stress  Intensities  below  15  MPa./m  (R  -  0.1  and  f  «  0.1  Hz).  The  environ¬ 
mental  chamber  was  used  to  maintain  and  control  the  constituents  of  the 
specific  environment  required  for  the  test.  One  specimen  was  loaded  In 
air,  which  produced  the  value.  The  others  were  loaded  in  mixtures  of 

1000  ppm  S02  +  80%  RH,  1000  ppm  S02  +  100%  RH,  100  ppm  S02  +  80%  RH  + 

5%  surface  salt,  100  ppm  N02  +  80%  RH,  100  ppm  N02  +  80%  RH  +  5%  surface 
salt,  etc.  at  different  loading  rates  corresponding  to  0.2-0.06  MPa/m/sec . 

The  K-j.<jcc  va^ues  were  estimated  from  the  load-displacement  record  using  a 
five  percent  secant  offset  procedure  similar  to  that  used  for  testing 
(ASTM  method  E399-72) .  Some  of  the  results  are  listed  in  Table  1  of  the 
paper  included  as  Appendix  A 

In  the  case  of  A1  7075-T6,  the  specimens  were  precracked  to  a  length  of 
0.0254  mm  at  stress  Intensities  below  7  MPai^n  (R  -  0.1  and  f  »  0.1  Hz). 

In  this  case  the  values  were  also  estimated  by  an  Independent  step- 

by-step  loading  practice.  Initially  the  load  was  applied  at  20  lb. /min. 
up  to  70%  of  the  load  level  of  the  estimated  value  obtained  from 

the  previous  rising-load  test  and  was  held  for  an  extended  period  (24-50 
hr.)  to  detect  the  onset  of  crack  propagation  (see  the  idealized  case  shown 
in  Fig.  21).  If  no  growth  developed  after  a  reasonable  period  (24-50  hr.), 
the  load  was  incremented  to  a  new  level  (80%)  et  a  lower  loading  rate  of 
5  lb. /min.  for  an  additional  hold  period.  The  step  loading  was  repeated 
until  the  onset  of  crack  growth  was  clearly  identified.  The  results  are 
shown  in  Table  11  of  the  paper  included  as  an  Appendix  A. 

In  some  of  the  later  tests,  the  slower  loading  rate  (the  lowest  rate  avail¬ 
able  in  the  machine)  of  0.6  lb. /min.  was  used  to  determine  the  influence  of 
loading  rate  upon  the  approximation  of  KISCC-  The  results  of  some  of  the 
rising-load  tests  conducted  on  high-strength  4340  steel  and  7075-T6  aluminum 
alloy  in  environments  of  a  combination  of  N02,  RH,  and  surface  salt  are 
given  in  Table  3. 


52 


LOAD  P 


DISPLACEMENT 


Figure  21.  Schematic  Diagram  of  Step  Loading  in  Rising-Load  Test. 


APPARENT  KISCC  VALUES  OBTAINED  BY  RISING  LOAD  TESTS 
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CORROSION-FATIGUE  TEST  IN  CONTROLLED  ENVIRONMENT 


A  series  of  tests  on  high-strength  steel  4340  end  A1  7075-T6  hes  been 
conducted,  whereas  initially  only  the  effect  of  various  levels  of  humidity 
was  Investigated.  These  were  followed  up  by  tests  where  the  environment 
was  a  mixture  of  1000-10  ppm  S0g  and  80-90X  RH,  100-ppm  N0j  +  80-951  RH,  and 
5X  surface  salt  along  with  either  mixture  ,  i.e.,  SOj  +  RH  or  NO2  +  RH. 

In  the  case  of  both  materials,  the  effect  of  R  and  frequency  has  also  been 
studied.  R  was  varied  from  0.5  to  0.8,  while  most  of  the  tests  were 
conducted  at  a  frequency  of  0.1  Hz.  A  series  of  tests  was  also  conducted 
at  0.25,  0.5,  and  1  Hz.  The  concentration  of  SO2  and  NO2  was  lowered 
to  10-1  ppm,  and  some  tests  were  conducted  at  a  higher  level  of  RH  (i.e., 
90-95%)  also,  along  with  SO2,  and  surface  salt  (as  indicated  earlier). 


One  of  the  most  representative  results  of  the  crack-growth  experiments  in 

a  mixture  of  80X  RH  +  100  ppm  SOj  for  a  4340  steel  specimen  Is  shown  in 

Fig.  22.  The  da/dN-vs-AK  data  shown  have  been  manipulated  from  the  crack- 

length-vs-number-of  cycles  data.  The  da/dN-vs-AK  behavior  is  typical  of 
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the  crack-growth  behavior  already  reported.  This  figure  shows  a  plateau 
intermediate  region,  followed  by  a  maximum  in  the  da/dN-vs-AK  plot. 

This  difference  in  the  nature  of  the  plot  (or  appearance  of  a  plateau 


followed  by  a  maximum)  is  expected  when  the  level  exceeds  the  K_cr_  value 

iovv 

for  the  metal-environment  system.  The  extrapolation  from  this  slope  change 


to  the  abscissa  of  the  plot  produces  a  KIgcc  value  similar  to  that  shown 
in  Fig,  23.  Accordingly,  the  Kj,,^  value  obtained  from  the  extrapolation 
is  -  40  ksi  »/in.  obtained  for  this  steel  in  an  environment  of  80%  RH  + 


1000  ppm  SO2.  The  increase  in  the  value  of  could  simply  be  due  to 

the  reduced  level  of  SO2,  which  makes  the  environment  less  aggressive. 


Figures  24-26  show  the  crack-growth  behavior  of  high-strength  4340  steel 
tested  in  an  atmosphere  of  90%  RH  +  1000  ppm  SO2.  These  tests  were 
conducted  at  frequencies  of  0.1,  0.25,  and  1.0  Hz.  The  K^g^  values  have 
been  extrapolated  as  shown  in  Figs.  24-26,  and  they  vary  from  27  to 
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Figure  22.  Plot  of  da/ dN  vs  AK  in  80%  RH  +  100  ppm  SO 
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Figure  23.  Crack-Growth-Rste  Data  Obtained  for  4340  Steel  (1440  MPa) 
Tested  in  1000  ppm  SOj  +  80%  RH  Environment. 
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-  30  ksi  /in.  The  crack-growth  behavior  at  all  these  frequencies  (0.1  - 
1.0  Hz)  has  been  plotted  in  Fig.  27  to  permit  a  better  extrapolation  of 
the  KjgQc  value,  which  gives  a  graphical  average  of  the  independent  values. 
The  values  of  K^g^  extrapolated  from  the  da/dN-vs-AK  plots  at  different 
frequencies  are  within  experimental  error.  More  pronounced  behavior  was 
obtained  when  the  R  ratio  was  changed  from  0.6  to  0.8.  The  extrapolated 
value  of  Kjgcc  is  shown  in  Fig.  28.  The  value  of  K^g^  thus  obtained  is 
nearly  31  ksi  /in. ,  which  differs  by  only  3%  from  the  extrapolated  K^g^ 
value  obtained  at  a  stress  ratio  of  0.6.  These  values  are  quite  consistent. 


The  crack-growth  behavior  of  A1  7075-T6  was  also  investigated  in  controlled 

environments  in  various  combinations  of  SO2  and  RH.  The  test  parameters 

were  very  similar  to  those  employed  for  4340  steel,  except  that  lower  loads 

were  used  due  to  the  lower  strength  (nearly  28  ksi)  of  A1  7075-T6  as  compared 

to  4340  steel  (210  ksi).  Mosc  of  the  results,  along  with  tests  conducted 
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on  4340  steel,  are  discussed  in  a  previous  report  and  in  Appendix  B. 


In  a  second  set  of  experiments,  tests  were  conducted  both  on  high-strength 
4340  steel  and  A1  7075-T6  where  SO2  was  replaced  by  NO2.  However,  the 
maximum  concentration  of  N0„  used  was  only  100  ppm,  and  the  lowest  level 
investigated  was  1  ppm  In  later  experiments,  5%  surface  salt  was 

introduced  into  the  mixture  of  NO2  and  RH. 

These  tests  were  conducted  at  stress  ratios  of  0.6  (R  =  0.6)  and  0.8 
(R  =  0.8)  and  a  frequency  of  0.1  Hz.  Crack-growth  results  for  an  A1  7075-T6 
specimen  tested  in  100  ppm  NO2  and  80%  RH  at  R  =  0.6  and  a  frequency  of 
0.1  Hz  are  shown  in  Fig.  29.  Figure  30  (a,  b)  is  the  da/dN-vs-AK  plot  for 
two  A1  7075-T6  specimens  tested  in  an  environment  of  100  ppm  NO2  +  80%  RH 
and  5%  surface  salt  at  R  =  0.6,  while  the  da/dN-vs-AK  plots  for  R  =  0.8 
are  shown  in  Fig.  31  (a,  b).  The  curves  appear  to  be  very  similar,  and 
a  plateau  region  followed  by  a  maximum  in  the  da/dN-vs-AK  curves  is 
indicated.  Similar  behavior  is  obtained  in  an  environment  of  100  ppm  NO2 
+  80%  RH,  but  it  is  rmt  so  distinct  as  in  the  plots  of  Figs.  30  and  31 
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Figure  30.  Plot  of  da/dN  vs  AK  in  100  ppm  NO2  +  30%  RH  +  5% 
NaCI  at  R  *  0.6  and  F  ■  0.1  Hz  (b)  for  7075-T6 
Specimen  STA45 . 
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Figure  31.  Plot  of  da/dN  vs  AK  in  100  ppm  NOo  +  30%  RH  +  5% 
NaCI  at  R  *  0.8  and  F  *  0.1  Hz  (a)  for  7075-16 
Specimen  STA46. 
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Figure  31.  Plot  of  da/dN  vs  AK  in  100  ppm  NO2  +  80X  RH  +  52 
NaCI  at  R  -  0.8  and  F  -  0.1  Hz  (b)  for  7075-T6 
Specimen  STA47. 
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obtained  from  tests  In  an  environment  of  100  ppm  N0^  +  80 X  RH  end  5X 
surface  salt.  The  values  of  obtained  from  extrapolation  of  A1  7075-T6 

in  an  environment  of  100  ppm  NO 2  4-  80Z  RH  +  5X  surface  salt  are  between  13 
and  14  ksi/in.  These  values  are  in  good  agreement  with  the  value  12  ksi/in. 
obtained  from  rising-load  tests  as  Indicated  In  Table  3.  Attempts  were 
made  to  verify  the  accuracy  of  these  estimates  by  fractographlc  observations. 
Some  problem  was  encountered  due  to  the  reaction  taking  place  on  the  surface, 
after  specimen  failure.  In  general,  the  chamber  was  flushed  of  all 
aggressive  gases  for  12-16  hr.  after  specimen  failure  before  the  fractured 
pieces  were  removed. 

Figure  32  Is  one  of  the  fractographs  taken  from  the  surface  of  A1  7075-T6, 
Specimen  STA45  tested  In  100  ppm  NO2  +  80S  RH  +  5%  NaCl.  Severe  secondary 
cracking  and  brittle  failure  mode  are  Indicated  as  well  as  limited 
ductility.  This  particular  fractograph  was  taken  at  a  K  level  of 
-  13  ksi/in. 


Figure  33  (a,  b)  shows  the  surface  features  obtained  from  another  specimen 
tested  in  the  same  environment  and  under  similar  conditions,  except  that 
a  higher  stress  ratio  of  0.8  (as  compared  to  0.6}  was  used.  Figure  33(b) 
is  a  higher-magnif  icat  ton  of  Fig.  33(a)  showing  the  stress  cracking  more 
clearly.  Here  also  there  is  some  evidence  of  void  coalesence.  This 
fractograph  was  taken  at  a  K  level  of  -  12  ksi/in.  Another  set  of  fracto¬ 
graphs  was  taken  at  high  K  values .  Figure  34  is  a  fractograph  taken  from 
the  same  specimen  at  a  K  value  of  -  16  ksi  An.  The  features  are  predomi¬ 
nately  brittle,  and  there  is  clear  evidence  of  stress  cracking.  In  general, 
the  surfaces  (fractograph)  showed  evidence  of  stress  cracking  at  higher 
K  values  until  fast  fracture.  Figure  35  is  another  fractograph  taken  from 
a  different  specimen  tested  in  100  ppm  NO2  +  80%  RH  +  5%  surface  salt. 
Although  there  is  some  evidence  of  quasi-cleavage,  the  fracture  appears 
to  be  mainly  brittle.  This  fractograph  was  taken  at  a  stress-intensity 
level  of  -  14  ksi/in.  The  fracture  features  at  higher  K  levels  generally 


showed  clear  evidence  of  SCC.  These  fractographic  analyses  indicate  a 
Kiscc  value  of  -  14  ksi/in.  for  A1  7075-T6  in  an  environment  of  100  ppm 
NO ^  +  80%  RH  +  5%  surface  salt.  The  K^scc  value  for  an  extrapolation  of 
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Figure  34.  Fracture  Surface  Showing  Severe  Secondary 
Cracking  and  Brittle  Mode  of  Failure, 


the  da/dN-vs-AK  curves  obtained  by  means  of  corrosion-fatigue  tests  is  also 
-  14  ksi/in.  These  two  K  values  obtained  through  the  use  of  two  different 
techniques  are  in  good  agreement  with  the  K^g^  value  calculated  from 
rising- load  tests.  Hence,  there  is  sufficient  evidence  to  postulate  the 
determination  of  the  K^g^  value  from  corrosion-fatigue  testa  (under 
controlled  environment  and  test  parameters) . 


The  crack-growth  behavior  of  high-strength  4340  steel  in  environments  of 
mixture  of  NO2  +  RH  and  NO2  +  RH  +  surface  salt  was  also  investigated. 

Figure  36  is  a  da/dN-vs-AK  plot  for  a  4340  steel  specimen  tested  in 
10  ppm  NO2  +  80%  RH.  The  crack-growth  behavior  shows  a  near-plateau 
region  followed  by  a  maximum  in  the  curve.  An  extrapolation  of  the  K^g^ 
value  from  this  curve  results  in  a  value  of  -  40  ksi/in.  Remember  that  this 
value  is  lower  than  the  value  (s  44  ksi/in.)  obtained  for  4340  steel  tested 
in  an  environment  of  1000  ppm  SO2  +  80%  RH.  This  suggests  that  NO2  in 
the  presence  of  RH  is  more  damaging  to  4340  steel  (as  far  as  the  SCC 
property  is  concerned)  than  SO2  in  the  presence  of  RH.  The  value  of  K^g^ 
obtained  here  could  not  be  verified  by  means  of  rising-load  tests  due  to 
the  lack  of  specimens  as  well  as  shortage  .of  time.  Attempts  were  made  to 
analyze  the  fracture  surface.  Figure  37  is  a  representative  fractograph 
from  a  specimen  tested  in  10  ppm  NO2  +  80%  RH.  There  is  clear  evidence 
of  severe  secondary  cracking;  and  the  failure  mode,  in  general,  appears  to 
be  brittle.  A  quantitative  determination  of  K^^  based  upon  the  fracture 
surface  was  difficult  due  to  the  severe  localized  attack  on  the  fractured 
surface  (most  of  which  may  have  occurred  during  the  time  when  the  chambe^r 
was  flushed)  after  specimen  failure. 


Some  problems  were  encountered  when  surface  salt  was  introduced  to  only 
80%  RH  air  or  a  mixture  of  100  ppm  NO2  and  5%  surface  salt.  The  results 
are  shown  in  Figs.  38-39.  The  da/dN-vs-AK  behavior  does  not  follow  the 
normal  trend  and  exhibits  some  abnormality.  This  abnormality  is  mainly 
due  to  the  discontinuous  addition  of  5%  surface  salt  which  was  introduced 
at  ~  24-hr.  intervals.  This  assumption  is  supported  by  results  of 
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Figure  37.  Fractograph  Taken  from  4340  Steel  Specimen 
Tested  in  10  ppm  NO2  +  80%  RH. 
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Figure  39.  Plot  of  da/dN-vs-iK  for  4340  Steel  (10  ST)  Tested 
in  100  ppm  N02  +  80%  RH  +  5%  NaCI. 


a-vs-N  plots  obtained  on  specimens  tested  In  such  an  environment. 

Figures  AO-41  are  a-vs-N  plots  showing  discontinuity  when  salt  was  intro¬ 
duced  into  the  environment .  Figure.  40  shows  a  sudden  increase  in  crack 
length  near  8000  cycles  with  the  introduction  of  salt  to  the  environment. 

A  similar  increase  is  evident  at  -  15000  and  22000  cycles,  which  eventually 
leads  to  specimen  failure.  A  similar  trend  is  evident  from  Fig.  41. 

The  corresponding  da/dN-vs-AK  curves  are  shown  in  Figs.  42-43. 

GENERAL  CORROSION 

Some  tests  were  conducted  in  the  laboratory  in  environments  made  up  of 

various  combinations  of  SO^ ,  N02»  RH,  and  surface  salts.  The  objective 

was  to  compare  data  from  these  tests  with  that  obtained  from  field-exposure 

tests  at  Cape  Kennedy  and  Wright-Patterson.  Unfortunately,  there  is 

insufficient  data  to  permit  such  correlation.  One  reason  for  this  lack  of 

data  can  be  attributed  partially  to  a  problem  which  arose  at  the  Cape 

Kennedy  Site,  rendering  the  data  inconclusive.  In  one  instance  at  this 

site  all  of  the  test  coupons  which  had  been  subjected  to  exposure  for ‘nearly 

one  and  one-half  years  were  removed  from  the  rack  and  stacked  in  the  field 

by  a  local  corrosion  engineer,  without  our  knowledge.  This  constituted  a 

devastating  blow  to  our  research  efforts.  Most  of  the  data  obtained  on 
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general  corrosion  have  been  reported  in  an  interim  report. 


79 


4340  WOL  9  ST 

10  ppm  NO,  +  80%  RH  +  5%  NaCI 


Section  4 
CONCLUSIONS 

The  presence  of  veter  vepor  end  small  amounts  of  pollutants  such  as  S02» 

N02,  and  surface  salt  in  tha  atmosphere  accelerates  the  crack-growth 
rates  of  high-strength  steels  and  aluminum  alloys.  Certain  combinations 
of  these  ingredients  ant  more  damaging  to  the  high-strength  steels  than  to 
the  aluminum  alloys,  and  vice  versa. 

* 

The  level  of  RH  in  environments  of  various  mixtures  of  SO^  4-  RH  and 
N02  +  RH  was  found  to  play  a  quite  dominant  role  in  crack-growth  accelera¬ 
tion. 

A  mixture  of  10  ppm  S02  4*  951  RH  and  a  mixture  of  higher  levels  of  S02 
such  as  1000  ppm  S02  and  lower  amounts  of  RH  such  as  80Z  had  a  similar 
effect  upon  crack-growth  behavior.  Similar  results  were  obtained  for  NOj. 

High-strength  4340  steel  was  found  to  be  susceptible  to  SCC  in  environments 
made  up  of  different  combinations  of  S02  4*  RH,  N02  4-  RH,  S02  4-  RH  4-  surface 
salt,  and  N02  +  RH  4-  surface  salt.  A1  7075-T6,  on  the  other  hand,  showed 
significant  susceptibility  to  SCC  in  environments  made  up  of  combinations 
of  N02  4*  RH  4-  surface  salt  only.  Other  environments  studied  in  this 
investigation  had  very  minimal  effects. 

The  value  of  K__r  can  be  extrapolated  from  the  corrosion- fatigue  curve, 
providing  the  conditions  of  frequency,  R  ratio,  and  the  environment- 
material  system  are  optimized.  The  results  of  rising-load  tests  and  extrapo¬ 
lation  from  corrosion-fatigue  data  are  in  excellent  agreement  for  both 
high-strength  steel  and  aluminum  alloys.  These  values  were  further  verified 
by  quantitative  fractography .  Thus,  a  rapid  determination  of  is 

provided  for  susceptible  alloy-environment  systems. 
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Section  5 
RECOMMENDATIONS 


This  Investigation  has  demonstrated  clearly  that  the  value  of 
can  be  obtained  for  high-strength  4340  steel  through  extrapolation  of  data 
obtained  from  a  corrosion-fatigue  test  conducted  under  specific  conditions. 
The  value  of  KIgcc  for  A1  7075-T6  has  also  been  obtained  from  such  test 
data.  More  data  should  be  obtained  for  other  metal-environment  systems. 

The  question  to  be  answered  is  why  does  the  uniqueness  of  certain  environ¬ 
ments  such  as  NO2  +  RH  +  5%  surface  salt  in  the  case  of  Al  7075-T6 
exhibit  a  crack-growth  behavior  which  permits  extrapolation  of 
from  the  corrosion- fatigue  data.  On  the  other  hand,  why  is  it  not  possible 
to  predict  values  for  4340  steel  in  a  3.5%  salt  solution  when  the 

environment  is  known  to  cause  SCC.  Solutions  to  these  problems  will  lead 
to  the  development  of  accelerated- corrosion- testing  techniques  having 
wider  applicability.  Since  the  investigation  deals  with  stress  corrosion 
a«d  corrosion  fatigue,  with  their  mechanisms  poorly  understood,  it  is 
highly  advisable  to  study  the  mechanisms  also  in  light  of  these 
new  interesting  results.  The  next  step  in  this  direction  is  to  modify 
and  adapt  these  testing  techniques  for  field  application. 


The  slow-strain-rate  test  has  great  potential.  This  work  should  be 
extended  to  notched  and  precracked  specimens.  There  is  a  good  possibility 
that  can  be  calculated  from  data  obtained  during  slow-strain-rate 

tests  conducted  on  precracked  comp act- tens ion  specimens. 


The  main  limitation  of  the  rising-load  test  is  the  incubation  period. 
This  could  be  minimized  or  eliminated  by  programmed  loading  (a  small, 
high  cyclic  load  combined  with  the  rising  load),  which  would  provide  an 
avenue  for  the  development  of  an  accelerated  corrosion  test. 


The  general-corrosion  study  should  be  pursued  to  obtain  a  good  correlation 
between  field-exposure  and  laboratory  test  data. 
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ABSTRACT:  The  stress-corrosion-cracking  susceptibility  of  A1  7Q75-T6 
allovs  has  been  studied  in  a  controlled-atmosphere  chamber  utilizing 
the  slow-strain-rate  technique.  The  effects  of  realistic  atmospheres 
such  as  high-humidity  air  with  small  additions  of  sulfur  dioxide,  nitrogen 
dioxide,  and  surface  salts  in  different  combinations  have  been  investigated. 
The  slow-strain-rate  technique  has  been  used  to  optimize  the  simulated 
environments  which  result  in  accelerated  crack  growth  and  failure  by 
stress-corrosion  cracking  in  high-strength  aerospace  structural  materials. 
These  controlled  environmental  tests  are  necessary  to  provide  initial 
data  on  environmental  susceptibility  needed  for  the  development  of 
realistic  accelerated-corrosion  testing  methods.  The  design  of  the 
slow-strain-rate  apparatus  and  the  environmental  chamber  for  providing 
controlled  atmospheres  will  be  discussed  and  initial  experimental  results 
presented.  Most  tests  were  conducted  at  80  -  90%  relative  humidity. 

The  sulfur-dioxide  concentration  was  varied  from  10  to  1000  ppm, 
while  NO2  was  used  in  the  range  10  to  100  ppm.  Small  amounts  of  surface 
salts  were  obtained  by  rapid  immersion  in  aqueous  salt  solutions.  The 
susceptibility  of  the  alloys  shows  significant  differences  which  are 
dependent  upon  the  specific  environmental  contaminants.  These  differences 
can  be  quantified  and  related  to  the  observed  service  behavior  of  the 
materials.  Synergistic  effects  in  several  environments  were  found  to 
maximize  the  environmental  effects  upon  crack  growth  in  stress  corrosion. 
These  effects  were  subsequently  demonstrated  in  corrosion-fatigue  experi¬ 
ments  under  similar  conditions.  The  qualitative  estimates  of  embrittle¬ 
ment  in  the  fracture  surfaces  were  consistent  with  slow-strain-rate 
results.  The  data  prbvide  the  basis  for  the  development  of  accelerated 
corrosion  tests 'in  realistic  atmospheres. 

Research  supported  in  part  by  USAF  Contract  F33615-79-C-5109 . 
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INTRODUCTION 


Several  methods  have  been  used  to  detormlne  the  susceptibility  of 
materials  to  stress-corrosion  cracking  (SCC)  [1-5].  Over  the  past 
five  years,  the  slov-strain-rate  technique  has  found  vlde-spread  appli¬ 
cation  due  to  the  reproducibility  of  the  data  and  relatively  short 
period  of  testing  time  Involved.  Mainly,  the  technique  has  been  used  to 
reveal  the  SCC  tendencies  of  metallic  materials  in  specific  environments 
and  is  readily  being  accepted  as  an  accelerated  "sorting  test."  In  the 
present  investigation  this  method  has  been  used  to  optimize  the  simulated 
environments  which  result  in  accelerated  crack  growth  and  failure  by  SCC 
in  high-strength  aerospace  structural  materials. 

The  influence  of  a  combination  of  environments — consisting  of  80  to  95Z 
relative  humidity  (RH)  ,  10  to  1000  ppmS02»  10  to  100  ppmNO^,  and  nearly  5% 
surface  salt — in  producing  the  SCC  for  A1  7075-T6  was  studied.  The 
main  objective  of  the  present  research  was  to  determine  the  most  aggressive 
combinations  of  environmental  constituents  which  would  result  in  maximum 
susceptibility  of  A1  7075-T6  to  SCC. 


EXPERIMENTAL  PROCEDURES 

The  slow-strain-rate  tests  for  A1  7075-T6  were  conducted  with  simple 
tensile  specimens.  The  specimen  geometry  and  dimensions  are  shown  in 
Fig.  1.  The  high-strengh  A1  7075-T6  alloy  having  a  yield  strength  of 
440  MPa  was  obtained  from  Rockwell  International.  The  specimens  were 
prepared  from  a  76. 2-mm-thick  plate  with  loading  axis  in  the 
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short  transverse  (ST)  dlrsctloQ.  Research- grads  S02,N02,  and  braathing 
air  vara  employ ad  in  the  tests* 

A  siov-s train-rate  machine  having  a  capacity  of  20,000  lb.  (88964  N)  was 
designed  and  built  in  our  laboratory.  Figure  2  is  a  front  viev  of  the 

a 

machine  with  the  environmental  chamber  in  place.  The  strain-rate 
capability  of  the  machine  ranges  from  10  *  to  10~^/s  • 

The  tests  were  conducted  in  controlled  atmospheres,  obtained  within  an 
environmental  chamber.  The  chamber  and  gas-train  assembly  are  shown  in 
Fig.  3.  The  chamber  is  made  from  a  8-in.-diam. ,  3/8-in. -thick  acrylic 
pipe,  having  a  special  water-resistant  clear  coating  on  the  inside. 

The  test  atmospheres  are  supplied  through  the  gas  train  which  consists  of 
a  gas-mixing  and  delivery  system.  High-purity  bottled  gases  (S02,  N02, 
and  dry  air)  are  metered  by  Matheson  flow  me tars  and  then  mixed  in  the 
mixing  tube.  The  concentration  of  S02  and  N02  gases  in  the  chamber  is 
routinely  measured  by  calibrated  Gastec  analyzer  tubes.  Special 
gas-sampling  outlets  are  provided  in  the  chamber.  The  RH 
inside  the  chamber  is  controlled  by  means  of  a  BMA  dry-  and  wet-bulb 
hygrometer.  The  water  vapor  is  added  in  the  form  of  steam  by  boiling 
distilled  water  in  a  flask  maintained  at  a  constant  temperature.  The 
steam  flow  is  controlled  by  the  output  voltage  of  the  BMA  controller 
which  monitors  the  opening  and  closing  of  the  selenoid  valve  on  the  steam 
line.  The  steam  is  injected  into  the  gas  mixture  prior  to  entry  into  the 
chamber  in  order  to  obtain  the  required  mixture  of  S02,  N02,  and  RH  air. 
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Gas  prtasurss  usad  in  all  taata  hava  baan  slightly  abova  atmospheric  to 
provide  positive  flow  through  the  envlronaental  chamber.  The  gaa  inlet 
and  outlat  ara  positioned  specifically  to  minimise  the  channeling  effect. 
The  gas  is  circulatad  inside  the  chamber  by  means  of  a  circulating  fan 
(placed  inside  the  checker)  to  maintain  a  uniform  environment  throughout 
the  chamber.  Negligible  condensation  occurred  during  these  tests,  except 
in  the  case  of  100  Z  RH. 

Initially,  several  tests  were  conducted  in  air,  different  levels  of 

RH,  and  a  mixture  of  surface  salts  and  RH.  These  tests  were 

followed  by  experiments  in  aggressive  gaseous  environments. 

Several  combinations  of  SO2  (ranging  from  10  to  1000  ppm),  N02  (10  to 

100  ppm),  RH  (80  to  95Z) ,  and  5Z  surface  salt  were  studied.  The  surface 

salt  deposit  was  obtained  by  dipping  the  sample  in  or  squirting  it 

uniformly  with  5Z  NaCl  solution,  followed  by  drying.  Strain  rates  used 

.4  -9 

varied  from  10  to  10  /s  and'  were  obtained  by  manipulating  the  gear 
ratios. 

RESULTS  AND  DISCUSSION 

The  aggressiveness  of  a  combination  of  environments  composed  of  a  mixture 
of  S02>  N02,  RH,  and  surface  salt  in  producing  SCC  in  high-strength 
A1  7075-T6  was  determined  by  conducting  slow-s train-rate  tests  on  tensile 
specimens.  The  specimens  were  tested  at  various  rates  in  several  combina¬ 
tions  of  the  environments  described  earlier.  The  results  of  these  tests 
are  given  in  Table  1.  Figure  4  shows  the  percent  elongation  versus  strain 
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rat*  plots  of  specimens  taatad  In  ambient  air,  5X  aurfaca  salt,  1000  ppm 
SO j  +  SOX  RH,  1000  ppa  S02  +  90X  SB,  and  a  alxtura  of  10Q0  ppa  S02  +  5X 
aurfaca  salt  +  80X  RH.  Tha  air  run  and  5X  aurfaca  aalt  plot  appaar  to 
ba  vary  aiallar.  Tha  parcant  alongatlon  doaa  not  changa  appreciably  with 
strain  rata.  Tha  fractura  surfaces  also  appaar  to  ba  vary  similar.  This 
suggests  that  tha  5X  surface  salt  has  vary  little  effect.  A  minimum  In 
percent  elongation  can  be  noted  for  a  alxtura  of  1000  ppa  S02  +  80%  RH. 

This  minimum  occurs  at  a  strain  rate  of  2.27  x  10  7/a.  More  noticeable 
is  the  minimum  In  percent  elongation  occurlng  for  other  environments 
around  the  same  strain  rate  of  2  x  10  7/s.  This  aay  be  due  to  the  fact 
that  this  material  is  susceptible  to  SCC  near  this  rate.  On  the  other  hand, 
more  tests  must  be  conducted  in  order  to  define  the  discrete  minimum 
levels  for  each  environment.  Since  the  difference  In  percent  elongation 
is  very  small  and  the  situation  becomes  more  complicated  in  the  case  of 
results  obtained  for  1000  ppa  S02  +  90X  RH  mixture,  additional  support 
is  required  to  determine  (or  differentiate)  the  degree  of  SCC 
susceptibility  in  these  environments. 

Figure  5  is  a  fractograph  taken  from  samples  tested  in  1000  ppm  S02  +  80Z  RH 
at  2.27  x  10  7/s.  This  fractograph  supports  the  occurrence  of  SCC  at 
this  rate  in  1000  ppm  S02  +  80X  RH. 

The  loss  of  ductility  is  more  apparent  for  the  specimen  tested  in  a 
mixture  of  1000  ppm  S02  +  5Z  surface  salt  +  80X  RH.  The  percent  elongation 
at  all  strain  rates  tested  was  under  2X,  and  a  minimum  in  elongation 
occured  at  a  strain  rate  of  1.41  x  10  7/s,  indicating  the  occurrence  of  SCC, 
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Figure  6  shows  ths  frscturs  morphology  of  ths  spscimsn  tsscsd  in  1000  ppm 
SO j  +  80Z  RH  +  5*  surface  sale.  The  surface  features  are  very  flat. 

Thera  is  evidence  of  extensive  cleaving  as  well  as  cracking.  The  cracking 
could  not  be  well  documented  because  the  specimen  was  covered  with 
corrosion  products. 

Figure  7  is  another  plot  of  percent  elongation  versus  strain  rate.  The 
objective  in  this  case  was  to  study  the  effect  of  the  difference  in  humidity 
level  and  of  surface-salt  addition.  The  plots  are  similar  to  those  in 
Fig.  4.  The  maximum  loss  in  ductility  could  be  noted  here  also  when  5Z 
surface  salt  was  added  to  100  ppm  SO2  +  90%  RH.  A  distinct  minimum  occurs 
at  3.8  x  10  7/s  for  a  humidity  level  of  95%,  while  the  minimum  in  percent 
elongation  is  observed  at  a  lower  humidity  level  of  80%  RH  in  Fig.  4. 

However,  when  5Z  surface  salt  is  added  to  the  mixture  of  100  ppm  SO2  +  90Z  RH, 
the  loss  in  ductility  is  quite  significant  at  this  composition  also.  Again, 
Fig.  7  shows  a  minimum  at  a  strain  rate  oi  1.8  *  10  /s.  Figure  8  (a)  is 

the  fractograoh  taken  from  a  specimen  tested  in  100  ppm  SO2  +  90%  RH  at 

a  strain  rate  of  8.9  *  10  7/s.  The  surface  features  show  more  ductility 
than  in  Fig.  8  (b)  and  8  (c).  There  is  little  cracking.,  and  the  amount 
of  quasi-cleavage  is  also  minimum.  Figures  8  (b)  and  8  (c)  show  the 
surface  features  from  the  specimen  tested  in  100  ppm  SO2  +  90%  RH  and  5Z 

surface  salt  at  strain  rates  of  6.8  *  10~7/s  and  2.3  x  10~7/s.  The 

failure  modes  are  also  very  similar.  Figure  8  (b)  shows  more  quasi-cleavage 
and  less  cracking  as  compared  to  Fig  8  (c) .  It  is  very  difficult  to 
quantify  the  differences  since  the  difference  in  the  percent  elongation 
could  be  within  the  error  band.  However,  the  surface  features  show 
comparability  with  the  strain-rate  results  and  '  pport  the  presence  of  SCC. 
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Figure  9  la  *  plot  of  parcant  elongation  varaua  atrala  rata  whan  the  S02 
lavala  uaad  ara  naarar  tha  raaliatie  valuaa  obtalnad  in  industrial 
environments.  Flgura  9  includes  data  from  taata  conductad  at  two  SO^  lavala 
(100  ppa  and  10  ppa)  and  two  humidity  lavala  (90S  and  80%  RH) .  Tha  raaulta 
show  that  a  coabination  of  hlghar  humidity  laval  (90%  RH)  and  lowar  S02 
laval  (10  ppa)  inducaa  aora  embrittlement  than  a  mixture  of  higher  S02 
laval  (100  ppa)  and  a  lowar  RH  laval  (80%).  Tha  aora  damaging  affact. 
in  terms  of  tha  loss  of  ductility  is  produced  by  tha  introduction  of  a 
small  amount  of  surface  salt.  No  minimum  in  parcant  elongation  occurs 
whan  a  mixture  of  10  ppm  S02  +  90%  RH  +  5%  surface  salt  is  uaad.  Froa 
the  'results  of  tha  tests  conductad  in  an  environment  consisting  of  a 
mixture  of  S02,  RH,  and  a  small  amount  of  surface  aalt,  it  appears  that 
tha  presence  of  a  small  amount  of  surface  salt  produces  synergism.  However, 
it  should  be  remembered  that  tha  presence  of  5%  surface  salt  alone  is  not 
sufficient  to  create  SCO  in  this  alloy,  as  shown  in  Fig.  4,  Hence,  a  high 
humidity  level  of  90  -  100%  RH  in  combination  with  a  small  amount  of  S02 
(as  low  aa  10  ppm) ,  and  a  trace  amount  of  surface  salt  C  =  5%) ,  can  render 
A1  7075- T6  susceptible  to  SCC. 

The  effect  of  NO*  gas  as  compared  to  S02  was  also  studied.  The  results 
are  shown  in  Fig.  10.  The  percent  elongation  versus  strain  rate  plots 
are  very  similar.  The  maximum  loss  in  ductility  in  this  case  also  occurs 
when  a  small  amount  of  surface  salt  is  added  to  the  mixture  of  100  ppm 
N02  +  90%  FH.  A  minimum  occurs  at  a  strain  rate  of  2.8  *  10  ^/s»  as 
shown  in  Fig.  9.  The  fratograph  taken  from  this  specimen  is  shown  in 
Fig.  11.  The  fracture  surface  is  severely  corroded;  the  intergranular 
separation  and  cracking  are  apparent,  and  the  fractograph  shows  less 
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ductility  than  that  of  Fig.  8  (a).  It  ia  not  poaaibla  to  dlffarantlata 
tha  laval  of  cracking  from  tha  fractographa  obtainad  from  apacimana  taated 
in  100  ppm  S02  +  90%  RH  +  5%  aurfaco  aalt  and  100  ppm  NOj  +  90%  RH  +  5% 
aurfaca  aalt. 

• 

In  general  it  was  vary  difficult  to  dlffarantlata  tha  laval  of  SCC 
susceptibility  caused  by  N02  from  that  caused  by  S02  using  this  test. 

The  visual  surface  observations,  however,  along  with  tha  results  of  slow- 
strain-rate  tests,  showed  that  a  mixture  of  100  ppm  N02  +  90%  RH  +  5% 
surface  salt  was  more  aggressive  than  an  environment  of  100  ppm  S02  +  90% 

RH  +  51  surface  salt.  Limited  testing  in  the  rising-load  mode  was  conducted 
as  part  of  a  larger  effort  to  develop  an  accelerated-corrosion  test  method. 
Although  preliminary,  these  rising-load  test  results  show  a  significant 
decrease  in  the  KIgcc  value  when  5X  surface  salt  is  added  to  a  mixture 
of  S02  +  RH  or  N02  +  RH,  which  lends  support  to  the  slow-strain-rate  results. 
These  results  also  demonstrate  that  the  effect  of  N02  is  more  pronounced 
than  that  of  S02>  giving  rise  to  a  lower  value  of  K^gCC  when  a  mixture 
of  N02  +  RH  +  5%  surface  salt  was  used,  as  compared  to  SO,  +  RH  +  5% 
surface  salt  at  the  same  concentration  level. 

CONCLUSION 


1.  S02  and  N02  gases  in  small  concentrations  attack  the  surface  of 
A1  7075-T6. 

2.  A  Small  amount  of  surface  salt  also  has  a  damaging  effect  upon 
A1  7075-T6. 
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3.  Whan  snail  lavala  of  S02  and  NOj  ara  pro sane  with  high  lavals  of  RH, 

Cha  surfacs  attack  on  A1  7075- T6  Is  quits  navara  and  nay  causa  sons  SCC. 

4.  An  anvlronnant  consisting  of  a  alxturs  of  aithar  10  ppm  HOj  +  90X  RH 

+  5X  surfacs  salt  or  100  ppn  S02  +  90%  RH  +  5X  surfacs  salt  ersatss  SCC  In 
A1  7075-T6,  ths  NOj  bslng  ths  mors  aggrassivs  of  ths  two. 

5.  It  appsars  that  ths.  alow-s train-rats  tsst  with  sons  modifications  could 
bs  us ad  to  optinlxs  a  sslsctsd  combination  of  snvlronmsnts. 
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TABLE  1 

SL0W-ST1AIN-RATE  TEST  RESULTS 


SPECIMEM 

TEST  DIRECTION 

STRAIN  RATE 

1/a 

TEST 

ENVIROWENT 

t  ELONGATION 

A1  7075-T6 

Short  Tranavaraa 

5.0  *  10“5 

Ambient  Air 

4.8 

•• 

99 

3.8  x  10“7 

m 

4.7 

91 

99 

4.5  x  1Q“7 

tt 

4.3 

91 

99 

2.7  x  10~7 

99 

5.1 

99 

99 

8.8  x  10“8 

19 

5.2 

99 

99 

7.3  x  10“5 

5%  Surfaca  Salt 

5.5 

99 

99 

4.6  x  10“5 

99 

4.3 

99 

4.5  x  I0"5 

19 

4.5 

99 

99 

2.6  x ,10"5 

99 

• 

4.1 

99 

3.1  x  10‘7 

99 

3.6 

99 

99 

8.9  x  10“8 

99 

4.6 

99 

99 

4.45  x  10~5 

1000  ppm  SO,  +80%  RH 

5.4 

99 

19 

4.30  x  10“5 

99 

5.1 

99 

99 

2.5  x  10~5 

91 

5.4 

99 

99 

2.27  x  10~7 

99 

1.6 

99 

99 

8.8  x  I0"7 

99 

4.7 

99 

99 

6.25  x  10"7 

1000  ppm  SO,  +90%  RH 
£ 

2.4 

99 

99 

2.7  x  10“7 

99 

2.2 

99 

99 

5.5  x  10“8 

99 

2.1 

99 

99 

3.1  x  10-6 

1000  ppm  SO,  +80%  RH 
+  5%  Surface  Salt 

1.9 

99 

99 

2.8  x  10”6 

99 

1.7 

19 

99 

2.5  x  10“7 

99 

0.86 

99 

99 

1.8  x  10“7 

19 

0.72 

99 

99 

5.1  x  10“6 

99 

1.82 

99 

99 

4.7  x  10"6 

19 

2.02 

99 

99 

7.7  x  10"7  100  ppm  SO, +95%  RH 

5.3 

19 

99 

3.8  x  10-7 

19 

4.1 

19 

99 

1.07  x  10~7 

19 

5.6 

99 

99 

8.9  x  10"7 

100  ppm  SO,  +90%  RH 

5.1 

99 

99 

8.85  x  10~7 

19 

4.9 

99 

19 

3.7  x  10“7 

99 

3.9 

99 

99 

9.8  x  10"8 

99 

3.1 
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TABLE  1  (Continued) 


SPECIMEN 

TEST  DIRECTION 

STRAIN  RATE 

TEST 

*  ELONGATION 

1/s 

ENVIRONMENT 

A1  7075-T6 

Short  Transverse 

5.4 

x  lO-7 

100  ppm  S02  +90*  RH  + 
5*  Surface  Salt 

1.55 

It 

If 

1.8 

x  10-7 

99 

0.8 

ft 

ft 

5.9 

>10"8 

99 

1.05 

ft 

ft 

8.8 

X 

I-* 

O 

1 

100  ppm  SO  2  +8035  RH 

it 

6.15 

99 

tt 

3.6 

X 

r* 

O 

1 

6.1 

9! 

ft 

5.1 

X  10"7 

it 

5.8 

ft 

99 

1.19  x  10~7 

tt 

6.1 

99 

99 

tt 

ft 

7.5 

4.2 

x  10" 7 
x  10"7 

10  ppm  S02  +90%  RH 

it 

6.0 

2.5 

ft 

ft 

9.1 

x  10"6 

99 

0.7 

ft 

ft 

4.8 

x  10"5 

10  ppm  S0o  +90%  RH  + 

5%  Surface  Salt 

6.0 

It 

tt 

6.8 

x  10" 7 

it 

3.1 

if 

tt 

4.0 

x  10“7 

ti 

1.55 

t» 

ft 

3.5 

x  10"7 

91 

1.4 

It 

tt 

3.7 

x  10"8 

it 

0.6 

ft 

99 

6.2 

x  10"7 

100  ppm  N02  +80%  RH 

tt 

5.2 

ft 

ft 

3.3 

x  10"7 

4.4 

ft 

ft 

8.5 

x  10"8 

ft 

4.45 

tt 

ft 

6.0 

x  10'7 

100  ppm  N02  +95%  RH 

4.5 

ft 

ft 

5.2 

x  10"7 

It 

5.9 

tt 

ft 

1.2 

x  10"7 

tt 

1.05 

tt 

99 

5.9 

x  10"7 

100  ppm  NO,  +90%  RH  + 
5%  Surface  Salt 

1.33 

ft 

ft 

2.8 

x  10"7 

ft 

1.09 

ft 

6.6 

x  10"8 

It 

1.30 
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STRAIN  RATE 


1.1  ST  OK  FIGURE  CAPTIONS 


Figure 

1  Slow-Strain-Rate  Testing  Machine. 

2  Slow-Strain-Rate  Specimen. 

3  Gas  Train  and  Environmental  Chamber. 

4  Slow-Strain-Rate  Results  for  Al  7075-T6  in  Air,  5%  Surface  Salt, 
1000  ppm  SO2  +  80%  RH,  1000  ppm  SO2  +  90%  RH,  and  1000  ppm  SO2  + 
80%  RH  +  5%  Surface  Salt. 

5  Fracture  Surface  of  Al  7075-T6  Tested  at  2.27  x  10  ^s  ^  in 
1000  ppm  S02  +  80%  RH. 

6  Fracture  Surface  of  Al  7075-T6  Tested  in  1000  ppm  SO2  +  80%  RH 
+  5%  Surface  Salt. 

7  Slow-Strain-Rate  Results  for  Al  7075-T6  in  100  ppm  SO2  +  90%  RH, 
100  ppm  S09  +  95%  RH,  and  100  ppm  S02  +  90%  RH  +  5%  Surface  salt. 

8(a)  Fracture  Surface  of  Al  7075-T6  Tested  at  8.9  x  10  ^  in  100  ppm 
S02  +  90%  RH. 

8(b)  Fracture  Surface  of  Al  7075-T6  Tested  at  6.8  x  10  ^s  ^  in  100  ppm 
S02  +  90%  RH. 

8(c)  Fracture  Surface  of  Al  7075-T6  Tested  at  2.3  x  10  ^  in  100  ppm 
S02  +  90%  RH. 

9  Slov-S train-Rate  Results  for  Al  7075-T6  in  100  ppm  S0o  +  80%  RH, 

10  ppm  S02  +  90%:  RH,  and  10  ppm  SO.,  +  90%  RH  +  5%  Surface  Salt. 

10  Slow-Strain-Rate  Results  for  Al  7075-T6  in  100  ppm  N02  +  80%  RH, 

100  ppm  N0o  4-  95%  RH ,  and  100  ppm  N0o  +  90%  RH  +  5%  Surface  Salt. 

11  Fracture  Surface  of  Al  7075-T6  Tested  at  2.8  x  10  ^  in  100  ppm 

N02  +  90%  RH  +  5%;  Surface  Salt. 
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APPENDIX  B 

ACCELERATED  ATMOSPHERI C- CORRO SION  TESTING 
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bub  aerospace  component*  arc  expected  id  experience.  The  selection  of 
iipropiiatc  uir-uualit*  standards  is  difficult  and  ibeultl  be  bated  upon 


Accelerated  K/>.«  Ttuint 

The  apparent  threshold  lor  sustained-load  stress-corrosion  cracking.  Kum, 
in  humid  air  and  in  different  mixture*  of  humid  air  and  SOj  wax  estimated 
using  ilic  accelerated  rising-load  procedure  f  4).  The  testing  iccbnujiic  utilized 
wax  identical  lo  the  procedure  uxed  for  Ku  fracture-toughness  testing 
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